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The present thesis deals with grouping and loading problems 
in Flexible Manufacturing Systems (FMS) possessing routing and 
tooling flexibilities where operations can be performed with more 
than one combination of machines and tool types, leading to alter- 
native process plans for the parts. Models encompassing various 
design and operational problems related to machine and part group- 
ing, and resource allocation, have been presented and associated 
solution methodologies are suggested. 

For the grouping purpose in the generalized situation, two 
new measures of commonality. Relative Requirement Compatibility 
(RRC) and Absolute Requirement Compatibility, are introduced. The 
measures use the bases of processing times, the number of operati- 
ons, and the number of machines and tools, for determining the 
closeness between a pair of parts, process plans, and a parti 
(process plan) and a machine. Further, the relationships between 
RRC, Jaccard’s similarity coefficient, product type similarity 



coefficient, and cell bond strength are established and analyzed 
to investigate their relative discriminating characteristics. It 
is found that the RRC is better than the others. Illustrations 
presented confirm this observation, and also show the RRC to be 
better than the simple matching similarity coefficient. An analy- 
sis on the values of these commonality measures is also carried 
out to show their comparative discriminating power. In addition, 
the analysis provides an insight for determining the threshold, 
values for these measures which are needed by certain grouping 
algorithms and methodologies. Numerical examples solved using 
p-median problem formulation approach further show that the RRC, 
as compared to the other measures, provides better results. 

For generalized grouping problem, models have been developed 
using the p-median, p-centre and graph partitioning problem 
formulation approaches. 

The existing p-median formulation of Kusiak and equivalent: 
generalized assignment problem formulation of Shtub are investiga-i 
ted and improved formulations requiring lesser number of variables 
and constraints are presented. The shortcoming of these models of! 
sometimes not being able to yield the perfect groups even when: 
they exist, is rectified by incorporating an additional constraint! 
on group disjointedness. | This problem, to some extent, is also! 
reduced by using RRC instead of the simple matching similarity 
measure used by these authors. In addition, the models using RRC 
are found to encompass more generality and flexibility of the 
production system. | 

The grouping problem is extended to consider some additional 
factors: limits on the size of the part families and machine cells 



V 


the number of machines of each type, and the capacity of the 
machines. It is shown that the consideration of machine capacity 
is quite important in case of generalized grouping, and provides 
solution to the loading problem also. 

In p-median problem formulation approach, the objective is to 

/ 

maximize the sum of the similarity between the member process 
plans and the plans representing the corresponding 
process families. The approach of p-centre formulation, however, 
maximizes the minimum similarity of the member process plans with 
the plans representing the corresponding part families. 

Next, the generalized grouping problem is formulated using 
the approach of graph partitioning. The mathematical models pres- 
ented ^re shown to be better than the equivalent p-median problem 
formulations and its extensions in terms of the required number of 
constraints and variables. However, for the simple grouping 
problem where each part has a single process plan, the graph 
partitioning approach is found not to be very efficient. 

Models have also been developed to integrate the generalized 
grouping problem with the cellular production system design 
problem of determining the machine cells requiring the minimum 
investment. 

The models developed for the grouping problems are observed 
to be either NP-complete or hard to solve. Therefore, for some of 
these problems, heuristic approaches have also been proposed. In 
the heuristics proposed for p-median and p-centr’e problem, p proc- 
ess plans, each belonging to a different part, are selected first 
in a greedy manner to represent p process families, and then 
process plans, one each of the remaining parts, are assigned to 
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these p plans. Improvements are brought in the objective function 
value by perturbing selectively the plans representing the 
process families. In graph-partitioning approach, the formation 
of part families and machine cells is carried out simultaneously 
with the objective of maximizing the association between parts and 
machines belonging to the same group. Besides these heuristics, 
for some of the models based on p-median and graph-partitioning 
formulations, Lagrangian relaxation approach has been proposed 
where certain complicating constraints are relaxed and the 
resulting expressions are found to have special structure that can 
be solved using some standard procedures. It has also been 
observed that for some of the models, the Lagrangian relaxation 
approach may not serve the purpose of reducing the computational 
complexity. Numerical examples have been presented to illustrate 
the use of some of these models and heuristics. 

It has been shown that similarity coefficients that attempt 
to find similarity between a pair of the same entities, such as, 
parts, machines and process plans, play important role in 
hierarchical grouping where each part has a single process plan. 
Whereas, in generalized grouping, it is not of much use. Further, 
the graph-partitioning approach is shown not to be of much use in 
the case of hierarchical group formation. 

An important feature of the grouping models is that while 
deciding the groups, the solution is also obtained for the assign- 
ments of operations to the various machines. However, some graph- 
partitioning based models do not find a complete solution to this 
problem. For this purpose, the loading models developed can be 
used for finding a complete solution to operations assignment 
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problem. These loading models, in addition, also provide solut- 
ions to tool allocation problems. 

The salient feature of the loading models is that they do not 
contain nonlinear terms to represent savings in the total slot 
requirement due to tool duplication and overlapping. The savings 
due to tool duplication are taken care of by the formulation it- 
self, while explicit expressions for the savings due to overlaps 
are avoided by using a scheme developed for counting the slot 
requirements of the tools. 

Generally, incorporation of flexibility into consideration 
makes the loading problem complex to solve and analyze, but helps 
to increase the throughput rate and to utilize the resources in a 
better manner. With this in view, certain quantitative measures 
for the flexibility of processing a part have been proposed, and 
loading models are preseated incorporating such measures. 
Numerical examples presented exhibit the advantages achieved. 
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A Generalized GT Approach : Basic Problem as a 
Graph Partitioning Problem 

5.1 INTRODUCTION 

The approaches employed for determination of groups of parts 
and machines are either hierarchical or non— hierarchical in 
nature. In hierarchical approaches, the groups of parts and 
machines are determined sequentially. If first machine groups are 
determined, then next machine cells will be determined. 
Similarly, when first part families are determined, then next 
machine cells will be determined. In case of non-hierarchical 
grouping, the part families and machine cells are determined 
simultaneously. 

In simple grouping situations where each part has fixed 
routing, it is difficult to say , in general, as which of the two 
approaches, viz. hierarchical and non-hierarchical, will require 
lesser computational effort and yield better grouping. The chara- 
cteristics of the groups formed depend largely upon the methodo- 
logy chosen for group formation. However, in generalized grouping 
situations where an operation can be performed on more than one 
machine, simultaneous determination of groups is not an easy task 
and is expected to take more computational effort as compared to 
when groups are determined hierarchically. This aspect has been 
elaborated in the previous chapter , and it is this reason because 
of which a hierarchical approach has been suggested for dealing 
with the generalized grouping problem. 
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arise because of the separate consideration given to the number of 
parts and machines that are to be assigned to the various part 
families and machine cells. 

5.2 PROBLEM ENVIRONMENT 

The grouping problem envisaged in the present chapter 
considers the production environment which is better described by 
the following. 

(i) All the machines of the same characteristic and capability 
are considered to be of the same type and thus there may be 
more than one machine of the same type. 

(ii) The parts have multiple operations. 

(iii) An operations can be performed on more than one machine type 
and related processing costs and times may be different. 

(iv) The number of groups to be formed is prespecified. 

The points mentioned above relate to a general production 
situation, such as FMS, where the machines are more flexible and 
are capable of performing different operation types. 

Though the production system described above is flexible and 
allows for alternate routing of parts, but the groups ultimately 
determined restrict the parts to follow only one route. 

The models for the grouping problems are described in the 
subsequent sections. For the development of the formulation 
following notations are used. 

Indices 

k : a group 
n : a part 

i : an operation of a part 



CHAPTER I 


Introduction 


The present trend of' increasing complexities in the product 
design and the requirements of higher reliability and performance 
characteristics has resulted into the development of newer 
materials, automated and^ sophisticated machine tools, and advanced 
processing technology is the manufacturing industry. This compo- 
site and complex phencanenon along with competitive marketing 
environment is responsibr^te for decreasing product life cycle. This 
implies that a manufacturing system should be equipped to produce 
a variety of products wittih l:east possible lead time at a minimum 
possible cost. Flexi bleb automation with capability to accommodate 
such dynamic parameters of the emerging manufacturing and 
marketing scenario has proved to be a solution for satisfying such 
requirements. The advent- of computer technology has played a very 
important role in automation. Further, a high capital investment 
associated with automation demands more efficient system utiliza- 
tion that can only justify this with a matching return on invest- 
ment and a high productivity. This in turn, necessitates an 
efficient decision making for planning and control, and 
integration of various functions of manufacturing. 

One of the recent developments to satisfy the above complex 
requirements regarding machine tool automation and integrated 
decision making is Flexible Manufacturing System (FMS). 

The aim of an FMS Tis to achieve the efficiency of automated 
high volume mass production while retaining the flexibility of low 
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to the fol lowing: 


N 

Maximize E a . 

n=1 iGB(n) 




mGC(i) k=1 


nimk ' 


(5.2) 


It can be seen that the expression (5.2) representing the 
objective of minimizing the intercelT movement cost is similar to 
the expression (5.1) representing the objective of maximizing the 
sum of associations between parts and machines belonging to the 
same group. 

It should be noted that the intercell movement cost expressed 
above does not consider the technological sequence among the 
operations, layout of machines and scheduling rules to be used, 
and thus may not reflect actual cost. Since the operation 
assignment problem is being solved alongwith the grouping problem, 
determination of actual intercell movement cost would otherwise be 
not possible. Actual cost can be more or less as compared to that 
expressed above. Expression for the intercell movement cost given 
above can be understood to reflect the average behaviour and thus 
to be a good measure. 


CONSTRAINTS 


The various constraints are as follows. 

( i ) Assignments of Operations 

An operation of a part is assigned to one and only one 
machine that belongs to a group to which the part is assigned. 
The constraint is expressed as: 


^cl-i) ""nimk = ynk 


n = 1, N; V i e B(n) 


k = 1, 


, P. 


(5.3) 
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Thus, the groups determined in this way may be highly disjoint or 
for the complete independence these may require good number of 
duplicate machines. On the other hand, the methodologies which 
use similarity coefficients, such as p-median formulation, will 
try to put in a group those parts that are close in terms of their 
machine requirements and the groups formed will be less disjoint. 

It can be concluded from the above that for a better group 
formation, the hierarchical approaches should use some kind of 
similarity coefficient. 

5. 4. 2. 2 SIMULTANEOUS DETERMINATION OF GROUPS WITHOUT CONSIDERING 
MACHINE CAPACITY 

It has been stated by Kumar et al (1986) that the 
graph partitioning formulation for the simple grouping problem is 
NP-complete. Since an instance of the generalized grouping 
problem (model M5.2) itse’" will represent simple grouping 
problem, thus the problem 1, mulation represented by the models 
M5.2 and M5.3 will also be NP-complete. As mentioned earlier, 
mathematical programming techniques can anyway be used for solving 
such problems. However, because of the NP-complete structure of 
the problem, it may not be computationally efficient. 

For the reason mentioned above, a heuristic approach based on 
Lagrangian relaxation is proposed for the problem of simultaneous 
group determination where machine capacity constraint is not 
considered and the constraint on assignment of all the operations 
is relaxed (Model M5.4). The relaxed problem after dualizing the 
constraint (5.5) can be written as follows. 

N E 

Zd(w) - Maximize E , E L a^im ^nimk 

n=1 ieB(n) mecli) k-i 



volume job shop production. The conflicting objectives of the 
high productivity and high flexibility in FMS are achieved through 
appropriate selection and layout of the equipment and facilities 
(viz. machines, tools, jigs, fixtures, material handling system, 
etc.), computer software and hardware, and integrated decision 
making system both for long term design decisions as well as for 
short term operational decisions. 

An FMS, in general, consists of a group of processing 
stations - numerically controlled machines, machining centers with 
automatic tool interchange capabilities and robots- 1 inked together 
with an automatic materials handling system and automatic storage 
and retrieval system that operate as an integrated system under 
the control of a central computer. 

The flexibilit)' of an FMS is attributed mainly to the 
multifunctionality and programmability of machines and material 
handling equipment. The feedback control system and the central 
computer are, of course, the main integrating factors. 
Combinations of these flexible components of FMS lead to various 
kinds of flexibility. Some of the popular measures of flexibility 
(Kusiak (1985), Yao (1985), Stecke and Browne (1985)) are as 
fol lows: 

Measure of Flexibility Description 

Machine Flexibility Ability of a machine to perform 

a variety of tasks (multi- 
functionality of machine). 

Process Flexibility Ability to produce a given set 

of part types in several ways 
using different combinations 
of machines and cutting tools. 
It measures the ability of the 
system to employ more than one 
type of tool and machine for 
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(i) Set Xnimk = ^nimk ^ N; V ieB(n); V m e c(i) 

and k = 1 , . . . , p . 

(ii) Find for all the machine types m e G„(k) load of those 

operations of parts (i.e. V neGp(k)) for which = 1. 

(iii) If load on any machine type m e G„(k) is more than T .Z . , 

M f!l !!1K 

then in the decreasing order of the value of ) 

mm' mm 

the operation i of part neGp(k) is removed from machine 
type m. Set = 0 V neGp(k) and V i e B(n) if m e C(i) 

but m 9 ^ G|^^(k). 

(iv) Remove from consideration those parts whose all the 
operations have been assigned and also the operations of 
remaining parts that have already been assigned. Remove 
from consideration all those machines whose capacities have 
been used completely. 

(v) Let the set of remaining parts and machines be Gp(k) and 

G^(k) and the set of unassigned operations of part neGp(k) 

be B’(n) and that for the machine meG’(k) be B’{m). Let the 

M 

remaining capacity of all the machines of the type m€G|^(k) 

be T’. 
m 

The generalized assignment problem to be solved now will be 
quite small in size as compared to that given before. The problem 
is to: 


Maximize EE E 

m€Gp(k) ieB(n) meC( i )nG|^(k) 

Subject to: 


®nim‘-nimk 


r.wi \ -nimk ^ ^ 
mGC( 1 )nG|Jj(k) 


V n € Gp( k) ; 

Vi € B’(n) 


3 


Volume F 1 ex i b i 1 i ty 


Expansion Flexibility 


Tooling Flexibility 


Materials Handling Flexibility 


Product Flexibility 


Production Flexibility 
(Job Flexibil ity) 


Operation Flexibility 


Routing Flexibility 
(Scheduling Flexibility) 


carrying out an operation. 

Ability to operate the system 
profitably at different produc- 
tion volumes. 

Ability to expand the produc- 
tion capacity easily and 
economically with minimum 
interlocking. 

Ability to employ more than one 
tool (of the same or different 
type) for an operation and also 
the ability of a tool to 
perform several operations on 
different machines. 

Ability to handle different 
parts on a number of different 
routes. 

Ability to changeover to 
produce a new set of products 
economically and quickly. 

Extent or size of the set of 
part types that the system is 
able to produce. It measures 
the ease of making changes in 
machine setup for parts with 
varying design and manufactur- 
ing characteristics. 

Ability to interchange the 
order of certain operations of 
parts. 

Ability to have alternate 
routing of parts (due to multi- 
functionality of machines). 


Some of the above measures of flexibility are interdependent i 

I' 

in their connotation. For example, process and routing flexibili- 
ties are similar to each other in terms of their basic characteri- 
stics. A system with more process flexibility will obviously have 
greater amount of routing flexibility. Further, most of the 
measures are difficult to quantify and are dynamic in the sense 
that their values would tend to change with time as various system: 
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parameters (e.g. demand, product design, technology etc.) are 
expected to change with time. In view of these, it can be 
concluded that the aforesaid problems of decision making would be 
complex even if few of these flexibility measures are taken into 
consideration. 

The design decisions in FMS include selection of machines, 
tools, jigs, fixtures, materials handling system, part and tool 
storage system, loading/unloading system related to manufacturing; 
and selection of computer hardware and software, design of 
databases, information system and decision support system for 
decision making. The operational decisions which tend to be highly 
dynamic in FMS, include aggregate planning, part mix selection, 
allocation of resources, operations assignment, scheduling, 
monitoring and control. 

Although the above mentioned decisions are also shared by 
conventional manufacturing systems, the complexity is much higher 
in case of FMS owing to the objective of maximization of resource 
utilization and of emulating a flow line production process in 
dynamic environment of multi-product and medium- variety production 
system with multifunctional and programmable machines and 
faci 1 i ties. 

Several approaches have over time evolved to cope up with the 
above mentioned complexities in decision making (Ham et al . 
(1985)). Some of these are mentioned below. 

Some of the basic principles of Industrial Engineering, viz. 

specialization, simplification, standardization of parts, 
materials and process routes. 

Part oriented production approach based on the production of 



Maximum number of machines in a group 


M 

I 

m=1 



The values given above for the various factors are considered 
to be the default values in use of the heuristic. 


heuristic 
Phase 1 

Step 0; Let P be the set of parts and M be the set of machine 

types. Find for each part n e p, the part requirement 
given as: 


Step 1 : 


PRn = 


meC(n) 


nm 


Find also for each machine type m e M, requirement 

on machine type MR and admissibility factor AF given 

m m 

as : 


MR 


m 


and AF 


neC(m) 

MR 

m 


nm 


m 


N 


m' 


Now sequence all the parts in descending order of 
the number of machine type used. 

The first part in the sequence is chosen to form the 
first group. The machine cell will have all the machine 
types that are used by the part. The part family will 
have this part and all those parts whose more than half 
requirement can be met by the machine cell formed 
presently. 


Step 2: Compute the rejectabi 1 ity factor for each machine type 

assigned to the machine cell as the ratio of sum of 
requirements of unassigned parts on the machine type to 




Solve "the problem of assignments of machines to 
groups as an assignment problem with resources 
as machines and tasks as new groups for the 
objective of minimizing the total loss (or 
maximizing the total gain). 


Stop 


Figure 5.12: Flowchart Showing Details for Creating the 
Required Number of Additional Groups in 
Simple Grouping Case. 
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common components of various products in larger batches 
requiring the special setups only for special parts. 

Material Requirements Planning (MRP), a production planning 

and control system that, based on a master production 
schedule of end products, calculates the requirements of 
components at different levels of bills of materials of each 
product and determines the exact times of need for these 
components by using the information from item master data 
file and inventory file. 

Group Technology (GT), a concept to increase the production 

efficiency of the system by grouping various parts and 
products with similar design and/or production process. 

Concurrent to the development and application of the above 
major popular approaches, several optimization procedures have 
also evolved to solve the design and operational level decision 
problems. The development in computers and computing technology 
have enormously helped in solving these complex optimization 
problems. Computers have also became inevitable in storage, 
retrieval and processing of huge information required for decision 
making in multi -product environment. The concepts of database 
management, decision support system, artificial intelligence and 
expert system are also being increasingly applied to analyze and 
solve various problems in manufacturing. 

The present work focuses on the applications of GT on certain 
aspects of design and operational problems of FMS. A concise 
summary of fundamental concepts of GT appears in the subsequent 
sections followed by the scope and organization of the present 


work. 
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1.1 GROUP TECHNOLOGY; AN OVERVIEW 

Group Technology (GT) is a philosophy applied for organizing, 
planning and control of industrial systems. An industrial system, 
in general, is viewed as a set of interrelated entities with 
interdependent attributes to achieve a common goal of producing 
useful products and/or services. The approaches for GT applica- 
tion are normally based on exploitation of similarity or the 
commonness amongst the entities to form groups or clusters. 

Traditionally, GT has been closely associated with manufacturing 
systems in which raw materials are transformed into the desired 
shape and size with the help of machines, tools and other related 
facilities. The major entities in manufacturing for the purpose of 
GT application are parts and machines. The groups of parts and 
machines are called as part families and machine cells, 
respectively. 

The underlying philosophy behind GT is sufficiently general 
and is equally applicable for clustering in other diversified 
areas, such as, (i) Behavioral and social sciences (psychology, 
etc.), (ii) Earth Sciences (geography, etc.), (iii) Engineering 
Sciences (pattern recognition, artificial intelligence, etc.), 
(iv) Information and Policy Sciences (Information retrieval, etc.) 
(vi) Medicine and (v) Life Sciences. A detailed list of some of 
these can be had from Anderberg (1973). 

The philosophy behind GT application in manufacturing can be 
best described by the definition of clustering given by Anderberg 
(1973). 

"The objective is to group either the data units or the 
variables into clusters such that the elements within a cluster 
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constraints on machine capacity, again a different solution is 
obtained as can be seen from Tables 5.13 and 5.14. 


Operation Assignment Details for the Case When 
^^P^city Constraint is not Included 
and the Restriction on Group Disjointedness is 
Relaxed. 


Objective function value = 94 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

— 


3 

3 

2 

4 

2 


5 

6 

3 

6 

1 


7 

3 

4 

8 

4 


9 

5 


10 

6 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 


Table 5.12: Group Configuration Details for the Case When 
Machine Capacity Constraint is not Included 
and the Restrictions on Group Disjointedness is 
Relaxed. 


Group# Part-Family Machine-Cell 

~ {1, 3} {t, 3} 

2 { 2 , 4 , 5 , 6 } { 2 , 4 , 5 , 6 } 
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unique routing is relaxed. The models proposed consider the same 
amount of tool slot consumption for an operation irrespective of 
the type of machine and the tool. 

Identifying or developing suitable methodology for obtaining 
solutions to the 0-1 nonlinear integer programming problems 
appears to be an important issue. Attempts have been made to 
linearize the nonlinear terms and then to solve the problem using 
some standard integer programming approach. Stecke and Talbot 
(1983) reported that the use of these models (Stecke, 1983) in 
finding the solutions of real life problems would require enormous 
computational effort and substantial computer time, and thus the 
models may not be practical for real time applications. They 
proposed two algorithms for minimizing the part movement and 
another one for balancing (or unbalancing) the loads on machines 
of equal (unequal) size. 

Shanker and Tzen (1985) proposed mathematical models for a 
random FMS. Machine loading and tool allocation decisions are 
arrived at while deciding in an integrated manner the part mix to 
be manufactured during the planning period. The constraints 
considered are the same as included by Stecke (1983) except for 
the constraint on the fixed routing. Besides this, parts are 
considered explicitly for assignment. The problem is formulated 
as a nonlinear mixed integer programming problem for two different 
objectives: (i) minimization of the total of unbalance in the 
workloads of machines, and (ii) minimization of the total of 
unbalance in the workloads of machines and the total number of 
late jobs. They also proposed heuristics for these two situa- 
tions. A simulation model is presented to evaluate the system 



have a high degree of natural association among themselves while 
the clusters are relatively distinct from one another” . 

A similar definition of GT given by Groovers (1987) is : 

"Group Technology is an approach that seeks to identify those 
attributes of a population that permit its members to be called 
into groups, sometimes called families. The members of each 
particular group possess attributes that are similar." 

In case of manufacturing where the elements (members) to be 
grouped are parts and machines, the association is generally based 
on design and manufacturing attributes of the parts. For this 
reason, Gallagher and Knight (1986) state the concept behind GT 
as: 

"The basic concept is relatively simple: identify and bring 
together related or similar parts and processes to take 
advantages of the similarities which exist, during all stages of 
design and manufacture. " 

Traditionally, the concepts of GT in manufacturing have been 
used for: (i) standardization of design of parts, (ii) standardi- 
zation of processing and routing and (iii) setup of work cells 
(Remmerwaal et al (1983)). The production system incorporating 
the GT concepts for layout of equipment and facilities is called 
as cellular manufacturing system. The increased adoption of GT 
philosophy in production is mainly attributed to the advantages 
listed below (Ham et al (1985), Gallagher and Knight (1986), 
Burbidge ( 1988) ) . 

(i) Reduction in Setup 

This is one of the major advantages of GT applications. 
Reduction in setup activities and times results by identifying 



(V) Each tool type is limited in number. 


The points mentioned above show that the production system is 
reasonably flexible and the parts can be manufactured in 
alternative ways. The loading models developed consider such 
generalities of the system and are formulated using the notations 
given below. These notations also assist in further understanding 
of the manufacturing scenario. 

Subscripts 

n : part 

i : operation 

j : machine 

k : tool 

Parameters 


N 

M 

T 


n 

B(n) = 


b . = 

m 




c 


ni jk 


total number of parts 
total number of machines 
total number of tools 
production volume of part n 
set of the operations of part n 

total number of occurrences of operation i on each 
unit of part n 

total capacity of machine j 

capacity of tool magazine on machine j 

a weight associated with machine j showing its 
relative significance 

slot requirement of tool type k 

number of copies available of tool type k 

set of tools capable of performing operation i 

cost of processing a single occurrence of operation 
i of part n using machine j and tool type k 
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groups of parts that have common requirements such as of tools, 
jigs, fixtures and machines. Producing the similar parts together 
will naturally require lesser changeover of these. By using 
nicely designed group tools, jigs and fixtures, setup times can 
further be reduced to a large extent. 

(ii) Reduction in Materials Handling 

By having group layout, i.e. by dedicating the required 
machines to each group of similar parts, significant reduction in 
materials handling and its related cost is achieved. 

( i i i ) Reduction in Lead Time 

As a consequence of lesser setup time requirement, the lead 
time reduces. 

(iv) Increase in Throughout Rate 

Because of the shortened setup time and reduced materials 

handling, the parts require much lesser time for their complete 
processing, and as a result of this throughput rate increases 

considerably. 

(v) Increased Uti 1 ization of Resources 

A heavily loaded traffic system normally faces the problem of 
traffic congestion and because of which machines, sometimes, 
starve waiting for the jobs to be loaded next on them. Traffic 
congestion may also lead to the blocking of machines where 

machines have to wait for the jobs to be unloaded from them. 
Blocking may also occur because of full in-process storage space 
that need to be cleared by materials handling system. All these 
factors result into under utilization of machines and other 

manufacturing resources. However, because of lesser materials 
handling in cellular manufacturing, these problems do not occur 
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requirement values, in fact, the slot requirement fo'* a tool 
is counted as the number of slots physically covered by it, 
and the number is increased by one if the distance between 
the shank periphery and the extreme most slot covered by the 
tool IS greater than or equal to the half of the distance 
between two consecutive slots (d^). The tools as I and II 
normally lead to the problem of compatibility. Such tools 
will not require additional slot if on its both the sides 
some compatible tools can be placed. Otherwise, additional 
slots will be required which at the most could be equal to 
two. Thus, the scheme can be claimed to project average 
requirements of the tools. 

It is felt that the above proposed method of computing 
the slot requirement would, to a great extent, account for 
slot saving due to overlap. Therefore, in view of this, the 
slot savings due to overlap need not be included in 
formulation. It is this consideration which has been used in 
the formulation developed in this chapter and the savings due 
to overlap is not considered explicitly. 

In view of the discussions made in the previous paragraphs, 
the constraint that the total slot requirement of the tools to be 
assigned to a machine should not exceed the capacity of the 
magazine, can be written as: 

I "jk " '"j ^ 

k=1 

In case when slot requirement of a tool is dependent on the 
machine on the tool magazine of which it is going to be placed. 
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frequently and thus resource utilization is comparatively high. 
Increased machine utilization is also achieved because of the 
reduction in setup activities. 

(vi) Reduction in In-Process Inventory 

As a result of reduced throughput time parts spend 
comparatively less time in the system, and thus their average 
in-process inventory level falls. 

(vii) Better Space Uti 1 i zation 

As mentioned earlier, the flow of materials in group layout 
is close to that in product- layout. Further, since the in-process 
inventory level is low, not many inter-process stores will be 
required and the space required for each store may be comparati- 
vely less. This not only results into better utilization of 
space, but also cuts other tangible and intangible costs such as 
for rent, electricity, maintenance, etc.. 

(viii) Bette r Production Planning and Control 

As compared to the problem of production planning and control 
in process layout manufacturing system where all the parts and all 
the resources (man, machine, material, etc.) are considered 
simultaneously for decision making, the problem in cellular 
manufacturing system is comparatively much simplified because of 
the involvement of lesser number of parts and machines. This cuts 
the size and the complexity of the problem to be analyzed for 
production planning, and a better plan is obtained requiring 
lesser efforts and time. Further, supervision of small shops 
leads to a better control, and not many progress chasers are 
requi red. 



(xi) Better Customer Service 


A better production plan along with better control mechanism 
normally leads to a more reliable production. This along with 
increased throughput rate, outputs of better quality, reduced 
manufacturing cost is expected to generate a fast response, early 
delivery and much better customer service. 

(ix) Better Qual itv 

As compared to the variety of products and operations handled 
by a worker in functional layout production system, the variety in 
group- layout is less. This leads to a faster learning and incre- 
asing specialty in carrying out certain smaller number of 
operations. Because of these factors, drastic reduction is 
achieved in number of rejects, and at the same time increase in 
the level of quality is achieved. 

(x) Reduced Cost of Production 

As mentioned before, the application of GT concepts in 
manufacturing is aimed at achieving benefits of mass production 
such as of lower direct and indirect labor cost. This in cellular 
manufacturing is achieved because of the cut in various kind of 
wastage such as in setting up activities and rejects, increased 
productivity of labour, requirement of less skilled workers, etc., 
(xii) Reduction and Rationalization of Product Variety 

While grouping the similar parts together, one is in a 


position 

to identify 

the 

functional 

characteristics 

of 

the 

products 

which make 

them 

different 

from the others. 

If 

the 


differences are insignificant and not essential to be maintained, 
then these can be removed leading to reduction in product variety 
and thus to a better cost-efficient production. 



358 


not exceed the available capacity, can be written as: 
N 

^ ^ ^ ^ni ik ^ni ik ^ 

n=1 ieB(n)nB(j) ket(i)nt(j) ^ 

j = 1 , . . . , M. 

( i i ) Unique routing and tooling 

This constraint is expressed as: 


(6.14) 


I I 


j6m(i) ket(i)nt(j) 


Si jk 


= 1 


n = 1 , .... B; 
V i e B{n). 


(6,15) 


^ ^ ^ ^ ^ Slots used by the tools allocated to a machine 

The constraint that the slot requirement of the tools that 
can be loaded on a machine should not exceed the capacity of the 
tool magazine on it, can be written as: 


( iv) 


I ®k ^jk ^ j = 1 , . . . , 

k=t( j ) 

Copies of each tool type 
This constraint can be written as: 


V 

^ ^ik ^ ^k 
jem(k) ^ 


k = 1, 


M. 


T. 


(6.16) 


(6.17) 


( V ) Tool allocation for the assigned operation 
The constraint is written as: 

^jk - ^nijk " ° 

j e m(i): k € t(i )nt(j). (6.18) 

decision VARIABLES 


^ni jk ~ 


0 or 1 


n = 1 , . . . , N; V i e B(n) 
j e mCi) and V k £ t(i)nt(j) 


(6.19) 
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Let 


be the number satisfying the relation 


Q .-1 

1 



p=1 


Q. 

1 

n m ‘■ 

P=1 


Then, the variable X^..^ can be replaced by 

I «ijkp ' 

p= 1 

For example, if for an operation i of part n, a =10 and 

n 

bj^^^ = 3, then = 5. If the total number of assignments of 

operation i to the combination of tool k and machine j is 11, then 

^ijkl “ ^ijk2 ■ ^ijk3 " ^ijk4 " '' ^ijkS " 

For the objective of minimizing the maximum workload on 

machines, the formulation of the problem will be as given below. 

MODEL (M6.6) 

Minimize L 

Subject to: 

II I ^nijk ^nijk ^ *- •3=1. •••. M (6.27) 

n=1 i€B{n)nB.(j) ket(i)nt(j) 

and (6.16), (6.17), (6.24), (6.25), (6.26) and (6.20). 

EXAMPLE 

Consider the example (Example 6.3) for which the data are 
given in Tables 6.15, 6.16 and 6.17. The solution for objective 
of minimizing the total processing cost is given in Tables 6.18 
and 6.19, and that for the objective of minimizing the maximum 
workload on machines in Tables 6,20 and 6.21. 



(xiii) Progress Towards Automation 


Reduced product variety and grouping of similar parts 
together increase the possibility of automating the production 
system which may further economize the production process. 
Further, while designing a new product, the help of existing 
drawings and design procedures of similar other parts can be 
taken. This process can easily be automated and implemented on 
computers. 

(xiv) Simol if ied Estimating and Work Measurement 

Because of the grouping of similar parts together, the 
estimation for resource requirements and preparation of master 
production schedule becomes somewhat rational and practical, and 
*can be done with much ease. 

(xv) Simplified Accounting System 

In conventional batch manufacturing system, cost accounting 
is a difficult exercise because of the large number of products 
sharing common facilities. However, in cellular manufacturing 
systems, it becomes simple because of the lesser number of 
products involved. 

(xvi ) Improved Job Satisfaction. Morale and Communication 

As mentioned earlier, in cellular manufacturing a worker has 
to perform comparatively lesser number of operation types on small 
range of similar part types. This creates a feeling of being less 
loaded and thus provides better job satisfaction. Besides this, 
working on a product that is to be completely processed by a group 
of workers forms the basis for having pride in its accomplishment 
and thus results in a high morale. Further, in cellular manufac- 
turing the labours and supervisors are better organized having 



a le 6.22: Operation Assignment Detail for the 
Objective of Maximizing the Part 
Processing Flexibility (Example 6.3). 


Part 

Operation 

Machine 

Tool Type 

1 

1 

1 

1 
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2 

3 

2 

4 

2 

3 
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5 
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5 
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7 

4 

2 
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3 
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3 

5 

4 

10 

5 

3 


11 

1 

1 



2 

1 

5 

12 

2 

3 


13 

3 

5 


14 

3 

2 


Minimum part processing flexibility = 3 units 


better communication links, and because of this workers participa- 
tion increases, and improvement of job and implementation of 
quality circles becomes possible. Fazakerley (1976) had shown by 
carrying out a survey that in the case of the cellular 
manufacture, the labours are more satisfied and frustration level 
is low. Knight (1989) has shown that the cellular manufacture 
provides a good platform for the improvement of communication 
process, and he proposes, in addition, a structure that using 
computers can be utilized for the betterment of communication. 

In a recent survey carried out by Wemmerlov and Hyer 
(1989(a), 1989(b)), it has been mentioned that implementation of 
GT philosophy in manufacturing is not a new phenomenon in 
developed countries and is taking place at a much faster pace at 
present because of the changing market conditions and consumer 
behaviour. Their surveys clearly exhibit achievements of the 
advantages of GT application mentioned above. The problems of 
cellular manufacturing reported by them, such as, out-of-cell 

operations, volume/capacity imbalance, load imbalance, and the 

% 

problems faced during machine breakdown can be reduced by properly 
designing the cells. It may require a thoughtful layout of cells 
and then machines in the cells. 

1.2 GT AND FMS 

As mentioned earlier, an FMS is highly capital intensive and 
is required for those manufacturing scenarios where product 
variety and product volume are small to medium. Therefore, care 
must be taken for utilizing resources in FMS optimally, allowing 
for practically negligible idle times. A requirement of this kind 
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win ask for more serious implementation of GT while considering 
the added flexibility of flexible machines and material handling 
system (MHS) in FMS. Though the manufacturing philosophy of FMS 
and conventional manufacturing system are entirely at variance, 
yet the basic philosophy behind GT application remains the same: 
exploit the commonness. 

In the recent years, researchers have started advocating that 
for the application of GT in FMS, it is rational to give more 
emphasis on common resources consumed rather than on geometrical 
similarity for group formation purposes (Tuffentsammer and Arndt 
(1983), Kusiak (1985)). Deviations in part-geometry do not play 
all that important role as they do in conventional manufacturing 
system (Warnecke et al (1986)). 

FMS supports (i) automatic MHS which is capable of 
transferring workpieces between any set of machines automatically, 
and (ii) automatic loading and unloading of palletized parts on 
workcenters and MHS. Machines have generally more than one tool 
on their tool magazines and any of the tool can be picked up 
almost instantaneously using automatic tool-changer. Therefore, 
to a large extent parts can be processed in FMS in a cost- 
efficient way. This is in contradiction with situations in 
conventional manufacturing systems where to achieve benefits of GT 
it is necessary to process a batch of a part completely before 
taking another batch of a different part on any workstation. 

In conventional manufacturing system, GT is normally used to 
find systematic group layouts. Obviously, grouping of machines 
will be physical; whereas in FMS environment, GT concepts are and 
should be used to find logical grouping besides determining 
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physical ones. These logical groupings help in simplifying 
planning, loading and scheduling problems in FMS by decomposing a 
big size problem into subproblems of much smaller size. The 
grouping depends upon the part-mix to be manufactured. Therefore, 
groups of parts and machines remain dynamic in nature and would 
change as and when status of any of the part and machine changes. 

An implementation of GT would consider many factors such as 
type and age of production equipment, flexibility required; and 
the success in doing so will depend largely upon the understanding 
of GT concepts and level of manufacturing expertise (Tuffentsammer 
and Arndt (1983)). 

1.3 METHODOLOGIES FOR GT CELL FORMATION 

Over a period since inception of GT philosophy, various kinds 
of approaches have been proposed for solving GT problems. Some of 
the solution procedures are evaluative while others are generative 
in nature. Some of the methods solve problem of part family and 
machine cell formation simultaneously while others do it 
sequentially. Various approaches and methodologies are discussed 
in the following subsections. Surveys of these methods have been 
made available by several researchers from time to time. A recent 
survey on some of the GT techniques and approaches is given by Chu 
(1989). 

1.3.1 Production and Component Flow Analysis 

Production Flow Analysis (PFA) is an approach for forming 
groups of parts and machines and had been proposed by Burbidge 
(1963, 1971, 1973). This was the first analytical approach for GT 
application. In this analysis, first factory- flow-analysis is 
done and then department-f7ow-a/7a7ys7s is carried out. Later is 
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further subdivided Into Group-Analysis and Line-Analysis. 
The approach was further clarified by solving some real-life 
problems. In this case, groups of parts and machines are decided 
simultaneously. 

The other less popular technique proposed by El-Essawy and 
Torrence (1972) is based on Component Flow Analysis (CFA). CFA 
was claimed to be different from PFA in the way the groups are 
formed. However, many authors report not to find any substantial 
difference between the two techniques. CFA categorizes the compo- 
nents based on their manufacturing requirements and then tries to 
determine the machine groups. 

1.3.2 Coding and Classification Systems 

Another popular scheme of GT applications is based on coding 
of parts and classification procedures. The codes are based on 
part design attributes or part manufacturing attributes, or mix of 
the two attributes. Some of the popular codes have been compiled 
and listed by Ham et al . (1985). Codes based on design attributes 
generally consider geometrical shape of the parts and its 
dimensions, and thus are useful for promoting design standardiza- 
tion. Codes based on manufacturing attributes are quite useful 
for computer aided process planning, tool design and other 
production oriented function, and thus suitable for GT cell 
formation. Codes using both types of attributes provide naturally 
the advantages of the both. Presently more emphasis is being 
given to the classification using feature based geometric models 
because of their amenability for GT applications (Shah and 
Bhatnagar (1989)) . 

The codes and classification schemes have been used for the 



purpose of cell formation by many researchers. Mills (1986) 
discusses the use of classification schemes for the design of a 
cellular manufacturing facility. A number of methods that use 
codes have been described by Kusiak (1983, 1984). Some of these 
methods are: 

(i) nearest neighbour method, 

(ii) matrix formulation, 

(iii) integer programming formulation 
and (iv) X-neighbourhood clustering. 

The part grouping problem formulated as an integer programm- 
ing problem requires number of part families to be formed as 
specified. 

The coding systems are quite useful for standardization of 
part design process and make the task simpler. These also serve 
the purpose of designing manufacturing cells nicely, but mostly 
for conventional manufacturing systems because majority of the 
codes were developed keeping conventional tools in mind giving 
more importance to absolute size and rough shapes of the parts. 
However, in FMS where machines are mostly flexible, versatile and 
multi-functional, the use of these conventional codes may not be 
appropriate. Similar observations and comments have been made by 
Tuffentsammer and Arndt (1983), and also by Warnecke et al (1986). 
In addition to the part geometry, one should consider clamping 
devices, jigs and fixtures to be used. 

1.3.3 Expert Systems 

Other important approach for group formation uses the 
concepts of artificial intelligence. Expert system for GT cell 
formation can incorporate several quantitative and qualitative 
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factors which otherwise are hard to be included in decision 
making. 

Kusiak (1987(a)) has proposed architectures for expert system 
for GT application. The expert systems can be used in a stand 
alone mode using simple rules or in a tandem mode along with some 
algorithms for solving the problem. The details of some of the 
algorithms have been presented in his other paper (1987(b)). In 
another paper, Kusiak (1988) considers more detailed problem 
considering various relevant constraints such as on capacity of 
machines, type and capacity of materials handling system, etc.. 

1.3.4 Graph Theoretic Approaches 

Rajagopalan and Batra (1975) used graph-partitioning approach 
for machine cell formation. First, a graph is defined with 
machines as vertices. The edges between various nodes represent 
the association between machines obtained using Jaccard’s 
similarity coefficient. After this, the graph is partitioned to 
obtain machine cells and then components are assigned to these 
cells. 

Kumar et al . (1986) consider for grouping purpose a machine- 
part incidence matrix which may have numbers even other than 
binary ones. The problem is formulated as a K-decomposi tion 
problem considering limit on cell size. The cell size is defined 
as the sum of the number of parts and machines assigned to that 
cell. A heuristic approach is suggested for solving the grouping 
problem. Similar formulation and heuristic approach is suggested 
for grouping of parts and fixtures by these authors (1985). 

Vanneli and Kumar (1986) discuss the method of finding 
minimal bottleneck machines (parts) which when duplicated 



(subcontracted) will result perfect part-machine grouping. For 
solving this problem, a heuristic approach has been suggested. In 
the other paper (1987), they consider similar problem with the 
objective of minimal number or minimal cost of parts which when 
subcontracted will lead to disaggregated manufacturing. The const- 
raints on the maximum number of machines in each cell are also 
considered for the purpose of determining the number of groups. 
For this problem also, similar heuristic approach has been used. 

In another approach for group formation, various cost 
elements were considered by Askin and Chiu (1987). Mathematical 
formulation includes the constraints on the number of workers and 
machines in each group. However, the heuristic solution methodo- 
logy that uses graph partitioning approach is proposed for a much 
simplified problem. 

Chandrashekharan and Rajagopalan (1986) used the K-means 
method for evolving the groups of parts and machines. First, the 
grouping problem is posed as an exercise of decomposing a 
bipartite graph to get a limit on the maximum number of groups 
that can be formed. Next, some arbitrary seeds are used to find 
groups of parts and machines. Through di agonal izati on, part 
families are assigned to machines-cel Is taking help of group- 
efficiency measures. Further, ideal seeds are used to remove 
unnatural groups obtained at previous stage. In the other paper 
(1987), they proposed that initial grouping can be obtained by a 
combination of arbitrary and representative seeds or artificial 
and representative seeds, or also by using natural seeds. It was 
further suggested that when initial groups are identified using 
natural seeds, one can find related part families and machine 



cell 6 without using ideal seeds at a subsequent stage after the 
process of diagonal ization is over. 

1.3.6 Optimization Techniques 

Mazzola et al (1987) viewed the grouping problem as a problem 
of grouping the machines. All the machines in a group are to be 
of the same type and are to be identically configured. The 
machine grouping problem along with loading problem is considered 
in the framework of material requirements planning and is 
formulated as a 0-1 mixed integer programming problem. 

Ventura et al (1987) came with the equivalent formulation as 
was proposed by Kumar et al (1986) for the problem of grouping of 
parts and machines. However, a different approach is adopted for 
solving the problem. Lagrangian relaxation technique is used in 
conjunction with subgradient optimization technique for solving 
the problem. 

Co and Arrar (1988) solved the problem of grouping of parts 
and machines in three stages. In the first stage, operations of 
the parts that can be performed by the machines of a particular 
type are assigned to such machines considering the objective of 
minimizing the maximum deviation between assigned workload and 
available capacity on the machines. Thereafter, at second stage, 
extended form of King’s algorithm (1980) is used for arranging 
machines according to similarities between various operations. 
The third stage is a direct search algorithm which determines size 
and composition of cells using the results of the previous stage. 
Kumar et al (1987) use minmax approach for solving combined 
problem of grouping and loading formulated as a multistage 
multiobjective optimization model. Each of the objectives of 



grouping and loading enjoy the same weightage. 

The integer programming formulation of the grouping problem 
(Kusiak (1983)) was suitably modified by Kusiak (1987) for the 
grouping situations where it is possible to process a job using 
different , combination of machines. Though the number of groups 
needs to be specified, no limitation is imposed on the number of 
parts or machines that can be assigned to a group. The grouping 
procedure aims at determination of part families knowing which 
machine cells are to be determined later. This problem was also 
formulated as a generalized assignment problem by Shtub (1989). 
An important feature of these models has been the consideration 
given to flexibility in carrying out operations which traditiona- 
lly were to be performed each on a single machine. 

The grouping problem formulated as a 0-1 integer programming 
problem by Gunasingh and Lashkari (1989a) tries to group the 
machines taking as input some already decided part families, and 
considering the constraints on the number of machines of each type 
and limitations on the total number of machines in a group. In 
their other article (1989b), a hierarchical method is proposed 
which first determines machine cells based on similarity in part- 
processing. Next, the parts are allocated to appropriate machine 
groups based on their processing requirements. The two problems 
are formulated as 0-1 integer programming problems. 

1.3.6 Clustering 

A rich literature is available on the techniques to be used 
for clustering. Depending upon the basic mechanism for group 
formation, the techniques can be classified as given in the 
following subsections. 



1.3. 6.1 SIMILARITY COEFFICIENT BASED APPROACHES 


Probably the oldest method that is based on the use of 
similarity coefficient method is by McAuley (1972). He uses 
Jaccard’s similarity coefficient for the purpose of group determi- 
nation. The procedure was termed as single linkage clustering 
methodology. The method has been improved by Seifoddini (1989a) 
and termed as average linkage clustering methodology. The improved 
method results in a better machine grouping having lesser number 
of exceptional elements (Seifoddini (1989b)). In the single 
linkage clustering methodology, the groups with two machines (one 
machine from each of the two groups) are combined without 
accounting for the similarity or dissimilarity between other pairs 
of machines. However, in the average clustering methodology, 
groups are combined on the basis of maximum average similarity 
between machines. 

The definition of Jaccard’s similarity coefficient was 
enriched by Seifoddini (1988, 1989(c)) by including certain 
additional part attributes such as required volumes and required 
movements between a pair of machines for a part. Such considera- 
tions suitably weigh the parts and the resultant grouping is based 
on more practical measure of intercell movements. 

Waghodekar and Sahu (1984) developed a heuristic procedure 
for machine cell formation. The method, called as MACE, determi- 
nes the groups of machines using similarity of product type 
coefficient. They also proposed a different similarity coeffi- 
cient which is based on the total flow of common parts between a 
pair of machines. Further, suggestions are also given for handl- 
ing exceptional elements. The procedure simply finds machine 



cells and using this information one has to find part families 
later. 

A different approach has been taken by Dutta et al (1986) 
where design based grouping of parts is converted into manufactu- 
ring based grouping of parts. For this purpose, a measure for 
finding dissimilarity between two parts based on their tooling 
requirements is suggested. The final grouping, of course, corres- 
ponds to minimal overall dissimilarity. 

Another different measure for similarity determination was 
proposed by Choobineh (1988). He considers the similarity between 
the sequences of the operations of two parts of a pair while 
calculating the similarity coefficient. He proposed a two phase 
procedure for group formation. The first stage based on the 
similarity measures finds part families, and the second stage 
determines machine cells and the number of machines of various 
types to be assigned to each of these cells. 

Similarity as a cell bond strength was defined by Studel and 
Ballakur (1987). It is determined using the processing time 
requirements of parts on machines. The groups of machines are 
determined in two stages. In the first stage, a chain of machines 
that maximizes the sum of bonds between pair of consecutive 
machines of the chains is obtained, and then machine cells are 
determined using any of the two approaches described in the paper 
while considering cell size restrictions. 

Linear cell clustering algorithm proposed by Wei and Kern 
(1989) also uses similarity coefficient for group formation. The 
similarity coefficient proposed can be considered to be a modified 
version of the coefficient used by Kusiak (1987) which is defined 



for a pair of parts (or process plans) instead of for a pair of 
machines. The requirements of both the machines of a pair by a 
part is weighed more compared to when both of them are not 
required by these parts. 

A weighing mechanism different from that proposed by 
Seifoddini (1989(c)) mentioned and discussed earlier had been 
developed by Hosier and Taube (1985). The structure of the two 
proposed similarity coefficients are also different from that of 
Seifoddini (1989(c)). Hosier (1989) further analyzed these two 
similarity measures, called as average similarity coefficient and 
multiplicative similarity coefficient, along with some other 
similarity coefficients for different grouping methodologies. Out 
of these coefficients, Jaccard’s similarity coefficient and 
modified multiplicative weighted similarity coefficient were 
reported to generally provide comparatively better results. 

A different methodology has been proposed by Gunasingh and 
Lashkari (1989(a), 1989(b)) where similarity is defined based on 
common tools. 

As can be seen from the above, most of the similarity 
coefficients are calculated based on any of the following 
parameters or their combinations: 

(a) machine requirements 

(b) tooling requirements 

(c) sequence among the operations of the parts 

(d) production volumes of the parts. 

In a recent analysis by Taboun (1989), it has been shown that 
groups obtained based on the above factors differ from each other 
significantly. Based on the statistical comparison of the resul- 



ts, they find those grouping strategies to be the best that use 
similarity coefficient based on the required machines. 

1.3. 6. 2 ARRAY BASED APPROACHES 

The clustering of parts and machines based on ordering of 
rows and columns was initially proposed by King (1980). The 
method called as Rank Order Clustering (ROC) was intended to give 
block-diagonal structure by ordering rows and columns of part- 
machine matrix considering row and column vectors as binary 
numbers. With increasing size of the matrix, binary number values 
corresponding to these vectors increase and this limits the size 
of the matrix which could be handled by the method when implemen- 
ted on computer. To overcome this problem, a modified version of 
this clustering technique, named as R0C2, was proposed ky King and 
Nakornchai (1982). But this too could not remove the weakness of 
ROC of its being biased towards initial disposition of 0-1 numbers 
in part-machine matrix because of which the method leads to poor 
block-diagonal structure even in case of well structured matrix. 
An effort was made by Chandrashekharan and Rajagopalan (1986) to 
remove the above mentioned shortcoming of ROC in their proposed 
method MODROC, being an extension and improved version of ROC. In 
MODROC, ROC procedure is used in conjunction with block and slice 
method that results into sets of intersecting machine cells and 
nonintersecting part families. Then, a hierarchical clustering 
method is used for obtaining final machine and part groups using 
the associations between various pairs of machine-groups and some 
preassigned threshold value. 

A different way of overcoming the problem of dependency of 
ROC on initial arrangement of numbers in the matrix was suggested 
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by Shanker and Zhu (1987) where ROC is used on initialized matrix. 
In case where clear block-diagonal structure does not emerge, a 
manual modification procedure is used for obtaining final part 
families and machine cells. The method proposed by Das et al 
(1989) also requires manual adjustment and identification of 
groups when perfect grouping is not obtained using ROC. This 
method, however, does not initialize the part-machine matrix and 
thus may not be superior to the methodology proposed by Shanker 
and Zhu (1987). Simultaneous grouping methodology proposed by Roy 
and Sengupta (1989) also tries to initialize the matrix indirectly 
while sorting the machines and components based on their 
requi rements. In their approach, groups of parts and machines are 
formed after sorting based on the similarity computed for various 
parts and machines. 

Direct Clustering Algorithm proposed by Chan and Milner 
(1983) also first tries to initialize the binary matrix for 
removing the dependency of the ROC algorithm on the configuration 
of the initial matrix. Except this feature of the algorithm, it 
is reported by Khator and Irani (1987) to be a poor version of the 
ROC algorithm. 

1.3. 6. 3 OTHER HEURISTICS 

The within-cell utilization based clustering heuristic WUBC, 
proposed by Ballakur and Studel (1987) tries to form part families 
and machine cells considering processing time requirements of the 
parts. A part is assigned to a cell where its maximum number of 
operations can be completed, and a machine is assigned to a cell 
only when the workload factor of this machine for that cell is 
greater than or equal to some preassigned cell-admissibility 



factor. The methodology incorporates constraints on the limit of 
cell size and considers multiple copies available of the machines 
of the various types. 

The occupancy value method proposed by Khator and Irani 
(1987) uses a different procedure for developing block-diagonal 
structure. The diagonal structure instead of being developed as 
in ROC, gets developed progressively starting from the northwest 
corner of the matrix. 

Srinivasan et al (1990) use assignment technique for the 
purpose of group formation. The assignment matrix is a similarity 
coefficient matrix, the elements of which represent similarity 
between various pair of machines. Closed loops in the form of 
subtours represent initial machine cells. From these machine 
cells, the final groups of parts and machines are determined. 

A heuristic proposed by Harhalakis et al (1990) attempts to 
determine the machine cells between which the intercell traffic is 
minimum. The grouping is determined in two phases. In the first 
phase, machines are assigned to cells based on the volume (or 
cost) of the material flow, and in the other phase this solution 
is improved, if possible. The intercell traffic is computed 
considering the sequence between the operations. 

The heuristic approach proposed by Al-Qattan (1990) starts 
forming the group by selecting a seed machine. A seed machine is 
the one that is required by the minimal number of parts. Grouping 
is obtained by branching from this seed machine. A branch is 
bounded on completed part. The heuristic may provide a number of 
alternative solutions based on the presence of a seed part, and 
thus increase the flexibility for manufacturing cell designer by 


having a good number of options to be evaluated for such purposes. 

Ask in and Subramanian (1986) instead determine the configura- 
tion of groups based on economic considerations such as costs on 
inventory carrying, materials handling, etc.. The method suggest- 
ed uses a three phase procedure. In the first phase, part and 
machine groups are determined using a procedure similar to that of 
King and Nakornchai (1982). In the second phase, The groups thus 
formed are combined if the economic benefits are resulted. In the 
third phase, these groups are further condensed subject to 
constraints on machine capacity. 

A successful application of fuzzy mathematics for part family 
formation has been made by Xu and Wang (1989). Two different 
approaches introduced for family formation are fuzzy classifica- 
tion and fuzzy equivalence. The computer programme developed has 
certain other features such as control on the group formation 
process. The groups are formed by specifying either the threshold 
similarity coefficient value or the number of groups to be formed. 
Further, the features of the parts based on which the similarity 
coefficients are computed, can directly be described from the 
engineering drawings. 

1.4 GT AND OTHER FUNCTIONS 

Various problems of production planning and control such as 
grouping, loading, scheduling, sequencing, inventory planning and 
control, capacity planning, etc. are highly interrelated although 
operationally different from each other. These problems when 
solved independently and/or hierarchically may result the solut- 
ions which could be locally optimal or, sometimes, may contradict 
each other. For example, the batch size of the parts from the 



viewpoint of inventory management may be different from that 
determined using batching algorithms used for loading and 
scheduling. Thus, to get the maximum advantages the problems 
should be considered in an integrated manner. Such an effort will 
involve many parameters in decision making and consequently the 
size of the problems may be large. In some cases, the modeling of 
the integrated problems may be a difficult task. Because of this 
reasons, such an approach may be prohibitive. Nevertheless, the 
integration and decision making for few of the functions combined 
together may not be very difficult and the benefits of the results 
obtained from such an analysis may outweigh the difficulties faced 
in such an analysis. Moreover, because of the development of the 
high speed computers it has been possible to obtain solutions 
within reasonable amount of time, and due to this the computa- 
tional problem related with integration does not remain to be very 
serious. A detailed review of several manufacturing planning and 
control functions in the context of GT applications can be had 
from Ham et al (1985). 

In the following subsections, some efforts which have been 
made in past for integration of GT with other manufacturing 
functions are presented. 

1.4.1 Material Requirements Planning 

As mentioned earlier, material requirement planning (MRP) is 
a popular technique for planning the requirements of the raw 
materials and the components that are required for manufacturing 
the end product. In addition, batch size of the products and the 
periods in which these will be produced are also being specified. 
Group technology tries to identify the similar parts that may be 


procured at the same time resulting more economic lot sizes and 
lesser requirement of setup times. 

Sato et al (1978) described a methodology that can be used 
for integrating GT and MRP, and thus for obtaining a much better 
schedule for manufacturing of parts. A similar conceptual frame- 
work has been used by Darrow and Gupta (1989). However, the 
procedure followed remains somewhat different. The parts with 
similar manufacturing requirements are grouped together. The 
elements of the part family are combined into a single batch for 
processing. Reduction in setup cost is achieved by minimizing the 
sequence dependent setup times between components in the part 
family. A case study presented shows substantial reduction in 
setup and carrying costs obtained using GT with MRP as compared to 
when all the parts are considered independently as in the 
traditional MRP. 

1.4.2 Loading 

Loading is an operational problem where decisions are to be 
taken mainly for the assignments of operations to the various 
machines. These decisions normally depend upon the configuration 
of the groups and their constituent machines. Groups designed 
considering simply parts and their machine requirements may not be 
practical from the loading point of view. The groups determined 
in the usual way applying the concepts of GT may turn out to be 
disjoint, but in the presence of considerations of machine 
capacity and assigned workloads on them, the groups may not remain 
disjoint. Because of this fact, it may not be possible to achieve 
the benefits of GT as conceived. Therefore, efforts are made to 
find decisions for grouping and operation assignment problems 


considering them together in an integrated manner. Recently, some 
efforts have been made by various researchers to find grouping and 
loading decisions simultaneously considering both the problems 
combined together. 

Kumar et al (1987), as mentioned earlier, formulate grouping 
and loading problems as a multiobjective and multistage optimiza- 
tion problem. The groups of machines are allowed to have 
different types of machines. This is in contradiction with the 
approach taken by Mazzola et al (1987) where machine cells are to 
have machines of the same type that are identically configured. 

1.4.3 Scheduling and Sequencing 

As mentioned earlier, GT aims at reducing the overall setup 
activities. This reduction can only be achieved if the batches of 
the different parts are sequenced in a way that requires minimum 
changeover of setups needed to process them. A good sequence 
should have in it the parts with similar manufacturing require- 
ments together. The similar parts must further be sequenced 
properly so as to minimize the sequence dependent setup times and 
costs. For this purpose, the parts should be grouped based on the 
required manufacturing resources such as jigs, fixtures, part- 
grippers, etc.. 

For the reasons and advantages listed in the preceding 
paragraphs, it was advocated by many to use GT approach for part 
sequencing and scheduling. A good number of algorithms have also 
been proposed. For example, computer software MISCHEDULE develop- 
ed by Remmerwaal et al (1983) tries to improve the sequence of the 
jobs to be processed by a facility. Jobs are sequenced taking 
into account their geometry, dimensions and other manufacturing 



requirements. The software has been developed keeping traditional 
manufacturing system in mind. Recently, an effort has been made 
by Hitomi et al (1989) to develop a scheduling algorithm for an 
FMS kind of environment. The models proposed take into considera- 
tion automation of MHS and also for setup. Algorithm is also 
developed for determining the optimal number of buffer spaces. 

Since the mathematical models or the algorithms proposed may 
not consider many practical constraints and several parameters 
which may affect or govern the scheduling decisions, they suffer 
from certain limitations. These can be overcomed by using simula- 
tion technique. Miles and Batra (1986), and Abdin and Mohamed 
(1988) use this technique and also show the way as how effectively 
simulation can be used for determining or analyzing a scheduling 
and sequencing policy. 

1.5 RESEARCH ISSUES 

As mentioned in the previous section, GT needs to be 
integrated with other manufacturing functions. The procedures and 
the concepts used for such integration must properly consider the 
manufacturing system, its attributes and characteristics, and also 
the constituent equipment. For conventional manufacturing, the 
geometry and size of parts may play an important role but may not 
be adequate for FMS. In FMS where the machines are multifunct- 
ional, programmable and capable to accommodate a range of 
combinations of system parameters, the grouping decisions should 
normally consider the comprehensive manufacturing resource requir- 
ements of the parts. Efforts and investigations are required to 
see as how these parameters can suitably be considered for group 
formation. Further, during integration of GT with other manufact- 



uring functions their relevance has to be analyzed. The advantag- 
es achieved from integration and the computational requirements 
and the size of the problems are also required to be properly 
evaluated. It may require a thorough understanding of the system 
to suggest the ways for finding solutions to various operations 
management problems as which are to be determined in an integrated 
manner and the other that are to be determined hierarchically. 

1 . 6 PRESENT WORK 

Some of the important details of the problems considered for 
the present study, and also the details of the organization of the 
work carried out in this thesis are delineated below. 

1.6.1 Scope 

The purpose of the present thesis is to study and solve the 
problem of grouping combined with loading problem in an FMS 
environment. The approach of combined analysis is expected to 
provide a better result in terms of the quality of the groups and 
the operationally feasible solution for the operations management 
problems. 

The flexible manufacturing system considered for the present 
study is assumed to be a general one where the parts can be 
manufactured in a number of ways using different combinations of 
machine and tool types. In other words, a part can have alterna- 
tive process plans. The alternative process plans for a part 
emerge because of the machine flexibility, process flexibility, 
routing (or scheduling) flexibility, and sometimes due to 
operations flexibility. 

Grouping of parts with alternative process plans, known as 
generalized grouping, though is more complex than for the case of 



simple grouping where a part has only one process plan, but offers 
solutions to design and certain operational problems in FMS. One 
of the operational problem is the loading problem which seeks to 
assign the part operations to machines. The results of the 
present study can also be effectively used for the traditional 
manufacturing systems involving simple grouping. 

While addressing the problem of generalized grouping, it is 
felt that the existing measures of similarity are inadequate for 
grouping purpose in generalized situations. Thus, a set of new 
similarity coefficients are introduced to find similarity between 
a pair of process plans of the parts based on the individual or 
combined requirements of manufacturing resources, such as, 
machines, tools, etc.. The new coefficient is christened as 
regu i remen t compa tibili ty coef f i c i en t . 

For the generalized grouping problems, efforts have been made 
for developing mathematical models. A variety of approaches are 
suggested for the determination of groups of parts and machines. 
An analysis is also carried out to check and suggest the 
suitability and relevance of these approaches for different 
grouping scenarios. The models proposed incorporate several other 
practical considerations such as the size of part families and 
machine cells, capacity of machines and number of copies of each 
machine type. 

1.6.2 Organization 

In Chapter II, the new similarity coefficient measures 
-absolute and relative requirement compatibility- are introduced 
for finding similarity between two process plans of the parts. A 
comparison between these proposed measures and some other popular 



similarity measures are made for their discriminating characteris- 
tics. In Chapter III, mathematical models for the generalized 
grouping are developed following p-median problem formulation 
approach, and the associated solution methodologies are discussed. 
In Chapter IV, p-centre problem formulation approach for the 
generalized grouping problem has been discussed. The formulations 
of the grouping problems developed in the Chapters III and IV use 
the requirement compatibility coefficients introduced in the 
Chapter II. In Chapter V, a different approach is discussed where 
groups are determined using the concepts of graph partitioning. 
For some of these models, heuristic procedures are also suggested. 

One of the important features of the models developed in the 
Chapters III, IV and V is solutions for operations management 
problems that also emerges while deciding the groups. Thus, these 
models can be seen to simultaneously provide results for loading 
problems also. Some of the models, however, do not provide a 
complete solution to operations management problem which can 
separately be obtained using the loading models developed in 
Chapter VI. These loading models can also be used for finding 
decisions about tool allocation while maximizing the flexibility 
in carrying out the operations. 

Numerical examples are presented for the clarity of the model 
formulation and solution methodologies, and also for a better 
understanding of the models and the related grouping scenarios. 
At the end of each chapter summary of its contents are presented 
along with some conclusions drawn from the analysis carried out in 
the respective chapters. For a better and overall comprehension of 
the complete work, the summary is also presented in Chapter VII. 



In addition, the scope of the work is discussed and suggestions 
are made for further improvements, implementation and integration. 
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CHAPTER II 

Requirement Compatibility and Other Measures 
OF Commonality for GT Applications : 

Relationships and Discriminating Characteristics 

2 . 1 INTRODUCTION 

As emphasized in the Chapter I, Group Technology (GT) is one 
of the most rational approaches for increasing productivity in 
medium-volume medium-variety production environment especially for 
automated discrete part manufacturing. The advantages of GT for 
production can be achieved by forming groups of parts and 
machines. The groups are determined exploiting commonality 
between parts and/or machines, and thus, discriminating similar 
parts and machines from dissimilar ones. The commonality between 
two parts is found generally by identifying machines required (or 
not required) by both the parts, and is measured on the basis of 
either the number of such machines or the processing time 
requirement on these machines. 

The commonality, for the purpose of grouping, has been 
defined in several ways by various researchers. Majority of the 
measures define the commonality between a pair of parts or a pair 
of machines. Recently, some measures have been proposed to 
describe the commonality between a pair of a part and a 
machine/machine group. 

Commonal i tv Between a Pai r of Parts ( or a Pai r of Machines) 

Some of the measures for commonality are: Jaccard’s 
similarity coefficient (JSC) used by Rajagopalan and Batra (1975), 
product type similarity coefficient (PSC) defined by Wagohdekar 



and Sahu (1984), cell bopfefcf-strength (CBS) proposed by Ball akur and 
Studel (1987) and s i mp3 e 'matching similarity coefficient (MSC) 
discussed by Chandrashekharan and Rajagopalan (1989). These 
measures originally proposed for finding commonality between a 
pair of machines can alsas-fce used for a pair of parts. 

The JSC is defined as the ratio of the number of common 
machines to the total numter of the machines required by the two 
parts, whereas the MSC as the ratio of the sum of the number of 
machines required and not required by both the parts of a pair to 
the total number of : macfiines considered for grouping. The 
normalized city block distance, as discussed by Chandrashekharan 
and Rajagopalan (1989), is-^comp lament of MSC and, therefore, can 
be found by subtracting tithe value of MSC from one. The PSC is 
defined as the product ’ of s-two ratios each obtained after dividing 
the number of machines ccwsroonly required by both the parts by the 
number of total machines required by the corresponding parts. The 
CBS, based on the processing time of the parts, is defined as the 
sum of two ratios each . found after dividing the sum of the 
processing requi rements 3 on common machines by the total 
requirement of their corrresponding part. The MSC and the normali- 
zed city block distance# ‘as* described by Kusiak (1984), can also 
be calculated based-'t oh' Minkowski and Hamming metrics, 
respectively. 

The measures mentioned jin the preceding paragraph have the 
following limitations in^ their use: 

(i) Parts should have‘oftly one process plan, i.e., alternative 
process plans are not -admissible. 
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(ii) The usual incidence matrix showing the requirement of 
machines for the various parts cannot consider the number of 
times a machine is required for processing the various 
operations of a part. In other words, the multiple 
operations of a part requiring the same machine are not 
differentiated. 

(iii) The sequence in which the operations of a part are to be 
performed on the various machines, can also not be 
considered. 

Subsequent efforts by some researchers have tried to remove 
some of these limitations. Choobineh (1988) modified the defini- 
tion of the Jaccard’s similarity coefficient and extended it to 
include the sequence among the various operations for finding the 
similarity between the parts. Kusiak (1987) defined another com- 
monality measure for finding the commonality between two process 
plans. This measure, primarily proposed for use in the situations 
where parts have alternative process plans, is an extension and 
modification of MSC. The measure proposed by Seifoddini (1988) is 
again an extension of JSC which incorporates the volume of the 
part as well as the sequence of the operations. However, the 
method of including the effect of the sequence of the operations 
is different from that of Choobineh (1988). 

The measures mentioned above are symmetric in nature, i.e. 
the commonality of a part (or a process plan) with respect to some 
other is the same as the commonality of the latter with respect to 
the first. Moreover, these measures fail to recognize the requir- 
ements of a part on machines that are also needed by the other 
part. In other words, these measures do not find the compatibi- 



llty of a part with respect to another. Further, instead of find- 
ing compatibility, these commonality measures find similarity, so 
to say closeness between the two parts based on their requirements 
on machines. This may cause an uncomfortable situation when a part 
is found to be almost compatible with the other part, and the 
Other part being less compatible with respect to the first one. 
In such cases, the first part happens to be a strong candidate for 
grouping with the other part, but the low ratings for the close- 
ness between the two parts obtained from the use of these measures 
may suggest the two parts to be put into two different groups. 

Commonality Between a Pai r of a Part and a Machine/Machine Group 

Two measures which find commonality of a part with respect to 
a machine/machine-group have been proposed by Gunasingh and 
Lashkari (1989a, 1989b) and have been termed as compatibility. 
The compatibility of a part with respect to a machine group has 
been defined as the ratio of the twice of the number of co imon 
tools between the parts and machine group to the sum of the 
numbers of different types of tool required by the parts and that 
available in the machine group (Gunasingh and Lashkari ( 1989b) ) . 
The other measure describing compatibility of a part with respect 
to a m£ chine has been defined as a proportion of the total 
requirement of tools or processing times of the part which can be 
met by the machine (Gunasingh and Lashkari (1989b)). 

Some of the observations regarding the limitations of the 
commonality measures made for the case of a pair of parts (or a 
pair of machines) are also applicable for the above measures of 
commonality defined for a pair of a part and a 
machine/machine-group. 



Suitabi lity fif Commonality Measures for Grouping 


As described by King and Nakornchai (1982), the commonality 
measures based on the similarity coefficients are aggregate 
measures and their manipulation causes information loss; 
nevertheless, these are widely used because of their simplicity in 
use. However, the power of discriminating similar parts and 
similar machines from dissimilar ones depends upon the commonality 
measure chosen for the group formation. A comparison of the 
discriminating power of similarity measures by Chandrashekharan 
and Rajagopalan (1989) shows that the Jaccard’s similarity 
coefficient has better discriminating characteristic than the 
normalized city block distance and the simple matching similarity 
coefficient. However, Studel and Ballakur (1987) claim the cell 
bond strength to be a better measurement than the Jaccard’s 
similarity coefficient. 

At present, no suitable measure of commonality seems to exist 
for GT applications for generalized situations which do not suffer 
from the previously mentioned limitations of being unable to 
accommodate the alternative process plans of the various parts, 
and to differentiate the operations requiring the machines of the 
same type and capability. In such generalized situations which 
can be encountered with most production situations for discrete 
part manufacturing, the grouping exercise needs to consider a very 
general framework that is expected to turn the related problems 
quite interesting and complex. 

Present Work 

In the present chapter, attempts are made to define for the 
above generalized case, a measure of commonality, to be called as 
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Requirement Compatibility. The compatibility of a process plan 
with respect to another can be determined on the basis of either 
the number of common machines and/or tools, the sum of the 
processing time of its operations requiring these machines, or the 
number of such operations. Its two propositions, called Absolute 
Requirement Compatibility (ARC) and Relative Requirement 
Compatibility (RRC), measure the compatibility of a process plan 
with respect to another absolutely or relative to its total 
requirement, respectively. These are suitably restated for the 
situations where parts have no alternative process plans. Further, 
the concepts of compatibility are extended for a pair of a process 
plan and a machine. The relationship of RRC for pair of parts are 
established with the other commonality measures CBS, JSC and PSC. 
It is shown that the CBS, JSC and PSC can be derived from the RRC. 
The mathematical relationships established are used to analyze the 
discriminating power of all these measures. Illustrations 
presented are found to support the results of the above analysis, 
and are also used to compare the discriminating power of the 
simple matching similarity coefficient. A simulation study is 
performed which not only determines the relative discriminating 
power of these measures, but also gives insight into the numerical 
values of the measures and provides guidelines for the selection 
of threshold values of commonality measures for the purpose of 
grouping. 

2.2 REQUIREMENT COMPATIBILITY 

In this section, the requirement compatibility is first 
defined in various alternative ways and ^hen their expressions are 



developed. The grouping environment considered contains parts 
with the following characteristics. 

(a) A part may have alternative process plans. 

(b) Operations in a process plan though requiring machines of the 
same type and capability may be considered distinct because 
of the different requirements of setups, jigs, fixtures, 
tools or cutting parameters. 

(c) An operation for its processing on different types of 
machines may require different combinations of pallets, jigs, 
fixtures, tools, etc. 

It can be noted from the classification of the operations 
that the production environment considered here is more general as 
compared to that reported in the previous works. Recently, 
Gunasingh and Lashkari (1989b) have envisaged a production 
situation where operations are classified based on the tool 
requirements and each operations is to be performed using only one 
tool type on the machines on which the required tool type is 
available. However, the situation might be somewhat different in 
practice. For example, a slot on a prismatic part can be made 
using either a si otter or a milling machine. But the use of the 
slotter machine will require a slot cutter, whereas the use of 
milling machine a milling cutter. 

Thus, it can be seen that the production environment 
considered in the present work is quite general accommodating 
various aspects of grouping and considering flexibility for 
carrying out the operations. 
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Some Definitions 

For further discussions, following terminologies are used: 

Common Machines for two process plans are those machines 
which are required for processing some operations of both the 
process plans. 

Compatible Operations are those operations of a pair of 
process plans which require the common machines and/or common 
tools for their processing. Whereas, for a pair of a process plan 
and a machine, the compatible operations are those which can be 
performed on the machine forming the pair or require the tools 
that can be loaded on the machines. 

Matched Processing Requires ont of a process plan Pj with 
respect to process plan is the sum of processing times of 
those operations of Pj which require machines and/or tools that 
are common to process plan P^j. Whereas, matched processing 
requirement of a process plan P with respect to a machine M is the 
sum of processing times of those operations that can be performed 
on the machine M or require tools that can be loaded on the 
machine M. 

Total Requirement (R) of a process plan is taken as the total 
number of operations, the total number of machines or tool types 
required for processing all the operations, or the sum of 
processing times of the operations in the plan. 

Matched Requirement (RM) of a process plan P^ with respect to 
process plan P^j is taken as the number of the common machines and 
tools, the number of the compatible operations of the process 
plan Pj with respect to Pjj» or the matched processing requirement 
of the process plan Pj with respect to Whereas , matched 
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requirement of a process plan P with respect to a machine M is 
either the number of compatible operations of the plan P or the 
matched processing requirement of the plan P with respect to the 
machine M. 

Absolute Requirement Compatibility (ARC) of a process plan P^ 
with respect to process plan P^j is the matched requirement of P^ 
with respect to PjjJ whereas the absolute requirement compatibi- 
lity of a process plan P with respect to a machine M is the 
matched requirement of the plan P with respect to the machine M. 

Relative Requirement Compatibility (RRC) of a process plan P^ 
with respect to process plan P^^ is the ratio of the matched 
requirement of P^ with respect to P^j to the total requirement of 
P^; whereas the relative requirement compatibility of a process 
plan P with respect to a machine M is the ratio of the matched 
requirement of the plan P with respect to the machine M to the 
total requirement of the process plan P. 

Notations 

Following notations will be used for further deliberations: 

M = the total number of machine types 

T = the total number of tool types 

F. = set of alternative process plans for part i; 

(iFi! ^ 1) 

G = set of tools which can be loaded on machine type 
m 

m (m = 1 , . . . , M) 

w^ = production volume of part i 

„i th - - . . 

P^ = n process plan of part i 

N(P^) = the total number of operations in process plan P^ 
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R(P^) 

B(k:p’) 

C(k:p’) 

D(P^) 

E(P’) 

T(k;p’) 

RM(P’,PJ) 

RM(Py,m) 

6(c,d) : 

^iic) ■■ 


X(k:P 


i 

u’ 



= the total requirement of process plan 

= machine type required for processing 
operation in process plan 

= tool type required for processing k^^ 
operation in process plan P^ 

= set of machine types required for processing 
all the operations in process plan P^ 

= U B(k:P^) 

k=1,..,N(P^) 

= set of tool types required for processing 
all the operations in process plan P^ 

= U C(k:P^) 

k=1 , . . ,N(P^) 

"th 

= processing time requirement of k operation in 
process plan 

= matched requirement of process plan p"’ with 

i ^ 

respect to plan P^ 

= matched requirement of process plan P^ with 
respect to machine type m 

. r 1 if c = d 
I 0 otherwise 

^ f 1 if C 1 
I 0 otherwise 

1 if the machine type required for processing 
k^" operation in process plan P^^ is also 
needed for processing at least one 

= " operation in plan P;J 

, 0 otherwise 
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f - • 1 

Z s|B(k:p’), 8(k:P^)j- 


k=1 


f 1 if the tool type required for processing 

th i 

k operation in process plan is also 


X(k:P^,P;J) 


= < 


needed for processing at least one 
operation in plan P;J 


0 otherwise 


rN(pJ) 


= M 


I sjcCkrPy), C(k:pj)j 


f 1 if the tool and machine types required for 

th i 

processing K operation in P,, are together 


Y(k:P^,P;J) 


= < 


u 


needed for processing at least one of the 
operations in plan P^ 


0 otherwise 


= M 


N(PpJ 


I a|B(k:PjJ|),B(k:pj)| .sjcCkiP’ ) ,C(k:pj)| 


fl if the tool and machine types required for 
processing k^*^ operation in process plan 
P^, are needed for processing some operations 




= < 


u 


in plan P;J 


to otherwise 


XikzP^yPl) . X(k:Py,P;J) 
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Z{P^,m) 


^ 1 if machine type m is required for process- 
^ ing some operation in process plan p’ 

0 otherwise 




1 if tool type t is required for processing 
some operation in process plan P^ 

^ 0 otherwise 



CBS^ j = cell bond strength between the parts i and j 

JSC. . = Jaccard’s similarity coefficient for the parts i 
T « J 

and j 

MSC. . = simple matching similarity coefficient for the 

* I J 

parts i and j 

PSC . . = product type similarity coefficient for the 

1 1 J 

parts i and j 

ARC(P^,P^) = absolute requirement compatibility of process 

plan Pj^ with respect to plan P^ 

ARC(Pj^,m) = absolute requirement compatibility of process 
plan p|J| with respect to machine type m 

RRC(P|^,P^) = relative requirement compatibility of process 

plan p|J| with respect to plan P;J 

RRC(pjj,m) = relative requirement compatibility of process 

plan Py with respect to machine type m 

2.2.1 For a Pair of Process Plans 

Using the definitions and the notations given above, the 

absolute requirement compatibility and the relative requirement 





compatibility can be expressed as: 


ARC(Pj]|,P^) 

= RM(P'',P'^) 
u’ V 

V 

i; V 

J J U — If • • ■ 5 

|Fil; 



V 

= 1, 

• • • » ^ ^ j ^ 

(2.1) 

RRC(Py,P;j) 

R(p;) 

V 

i; V 

j ; u = 1 , . . . , 

|Fih 


V 

= 1, 

• • • » ^ ^ j ^ 

(2.2) 


where RM(p|^,P^) and RCP^) can be computed using bases of the 
processing times, the number of common machines and tools, and the 
number of the operations. Since the requirements of a process 
plan can have complete to no matching with the requirements of 
another plan, the bound on the values of matched requirement can 
be given as: 

0 i RM(pJ,pj) i R(pJ) Vi;Vj;u=1, .... IF^I; 

V ~ 1 , • • ■ , I F j I . 

From the equations (2.1) and (2.2), and the bound for the 
matched requirement given in the above expression, the following 
can easily be observed: 

0 :S ARC(P^,P;j) R(p’) V i; V j; U = 1, ..., 1 F ■ | ; 

V — 1, >.., 

0 i RRC(Py,P^) Vi;Vj:u=1,..., \f.\; 

V = 1 , . . • , ! F j j . 

Expressions for the total and the matched requirements for 
the different bases are given in the following subsections. 
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2. 2. 1.1 BASED ON THE PROCESSING TIMES 
(a) Total Requirement 


R(P;) = 


N(P') 

I T(k:P’) 
k=1 ^ 


(b) Matched Requirement 
(i) On common machines 


V i; 
u = 1 , 


.. |Fil 


(2.3) 


RM(P^;,pJ) = w. 


^N(P||,) 


I T(k:P^^) X(k:P|^,P;J) 


k=1 


V i; V j; 
u = 1 , . . 

V = 1 , . . 


I F . I • 

|Fj| (2.4) 


( i i ) On common too 1 s 


RM(Pu»Pi) = Wi 


^N(PjJ) 

I T(k:P,‘’.) X(k:P,'’,P:j) 
k=1 ^ ^ ^ 

V i ; V j ; 
u = 1 , . . 

V = 1 , . . 

(iii) On common machines and common tools 


iFi!; 

IFJ 


RM(P .P-^) = w. 

U V T 


N(p;’.) 




y T(k:P'') Y(k:P’',P'^) 
kri ^ u V 


V i; y j; 
u = 1 , . . 

V = 1 , . . 

2. 2. 1.2 BASED ON THE NUMBER OF OPERATIONS 
( a ) T Ota 1 Requirement 


R(Py) = w. N(P|||) 


V i; 

u = 1 , . . 




(2.5) 


•f.>- 

* * i « * 

|Fj| (2.6) 


(2.7) 


(b) Matched Requirement 

(i) On common machines 


RMCPy.P^) = w,. 


"'Pi’ . . 

X(k:P;,pJ) 


V i; V j; 

U = 1 , . . . , 

V = 1 , . . . , 


Ip.i • 

I i f » 


(ii) On common tools 


( 2 . 8 ) 


RMCPy.P^) = w. 




E X(k:P;|^,P^) 
k=1 ^ ^ 


V i; V j; 

u — 1, ...I ! ! I 

V— 1, ...f 1 F j I 

(iii) On common machines and common tools 


(2.9) 


RM(P^,P^) = w. 


E Y(k:P’,P^) 
k=1 ^ 


V i; V j; 
u = 1 , . . 

V = 1 , . . 




2. 2. 1.3 BASED ON THE NUMBER OF MACHINES 
(a) Total Requirement 
R(Pu) = |D(Py)| 


V i ; 
u = 1, 


(b) Matched Requirement 

RM(Pu.Pv^ = E . Z(P^.m) 

m€D(Py) 


V i; V j; 
u = 1 , . . 

V = 1 , . . 


(2.10) 


|Fj (2.11) 


Ip I - 
‘ i ' ’ 

|Fj| (2.12) 


2. 2. 1.4 BASED ON THE NUMBER OF TOOLS 


i I, T _ ' 4 \ 

(a) Total Requirement 4fifc iY!?* , a S «#»***■«#% 

R(Py) = |E{Py)| V i; 

u = 1, .... |F^{ (2.13) 

(b) Matched Requirement 

t€E(P’) 

V i ; V j; 

u = 1 , .... ! f/| ; 

V = 1, .... iFjl (2.14) 

2. 2. 1.5 SOME COMMENTS AND OBSERVATIONS 

Given below are the some observations and comments related to 
the definitions and the use of the expressions for the total and 
matched requirements described in the Sections 2. 2. 1.1 to 2. 2. 1.4. 

(a) The expressions for the total and the matched requirements 
given in the Sections 2. 2. 1.1 and 2. 2. 1.2 are the same if the 
processing times of all the operations in the various plans 
of the parts are equal to one, i.e. 

T(k:Py) =1 V i; k = 1, .... N(Py); 

u=1,...,|Fj|. 

(b) When the operations are differentiated based on only the 
requirements of machine types, the expressions (2.7) and I 
(2.11) for the total requirements developed using the 
respective bases of the number of operations and the number 

af machines, will be equivalent. The expression (2.12) for 
the matched requirement will, of course, be equivalent to the 
equation (2. 8). Similarly, when the operations are differe- | 

ntiated on the basis of only required tool types, the I 
equations (2.13) and (2.14) would become equivalent to the 


equations (2.7) and (2.9), respectively. The equivalence 
between the various expressions will require the production 
volume w^ appearing in the equations (2.7), (2.8) and (2.9) 

to be equal to one. 

The above observation will, in general, hold when the 
production volumes of all the parts are the same. 

(c) From the discussions made above in (a) and (b), it can be 
seen that the expressions given in the Section 2. 2. 1.1 are 
quite general and can be used to find the total and the 
matched requirement for the other bases simply by making 
suitable classification of the operations and by making some 
suitable interpretations of production volumes of parts and 
processing times of the operations. 

(d) The approach for finding requirements based on common tools 
or common machines can also be used to determine requirements 
based on other factors such as common jigs, common fixtures, 
etc.. Similarly, the approach for finding requirements based 
on the combination of common tools and machines can be 
extended for determining the requirements for other possible 
combinations of machines, tools, jigs, fixtures, etc. 

(e) Grouping based on identification of common machines, pallets, 
tools, jigs, fixtures, machining parameters etc. or on any 
combination thereof is of importance in the manufacturing 
environment such as FMS comprising automated and multifunc- 
tional machines, automated MHS. To comprehend the relevance 
of the consideration of tools, etc. for grouping, let us 
consider two operations on two different parts which are 
similar to each other in terms of their tool , jig and machine 


requirements. These two operations because of the different 
shape and size of the parts may require different kind of 
fixtures and thus may differ. In the other case, let us 
assume that the two operations of the same type are similar 
in terms of the requirements of jig and fixture but require 
different cutting parameters. If the cutting conditions of 
the two operations cannot be met by the same machine then the 
operations have to be loaded on two different machines of the 
same type but having different machining capabilities, and 
thus the operations will differ. 

Further, the cost of pallets, fixtures or jigs for FMS 
are high and their use will depend upon the part, the machine 
or combination of the both, thus while forming groups of 
parts and machines due consideration should be given to 
required pallets, jigs, fixtures, etc.. The definitions of 
ARC and RRC can also be used for this purpose. 

(f) For the case when the matched requirements are determined 
based either on the number of machine types (equation (2.12)) 
or on the number of tool types (equation (2.14)), the 
following will hold: 

RM(P\P^) = RM(P'^,P’) V i; V j; 

y u 

U — 1, ..., l^-jl 
V = 1, ..., iFjl (2.15) 

From the equations (2.1) and (2.15), it is obvious that 
the ARC computed on the bases of the number of machines or 
tools will be symmetric. That is. 


ARC(pJ,P;j) = ARC(P^,P’) 


V i; V j; 

U = 1 , . . . , I I 

V = 1, .... !Fj!. (2.16) 

(g) The equation (2.6) and (2.10) determine the matched 
requirement of process plan P^ with respect to plan P^ by 
summing the requirements of those operations in P^ for which 
the required combinations of tools and machines are also 
needed for processing some operations in P^. In other words, 
the requirements of those operations in P^ are added which 
are similar to some other operations in P;J in terms of both 
machine and tool type requirements. In case when the matched 
requirement of p|^ is based on those operations that require 
tools or machines common to some operations of plan P^, the 
term Y(k: p|*|,p;^) should be replaced by Y(k:P^,P^) in the 
equations (2.6) and (2.10). 

(h) ARC will be sensitive to the production volume of the parts, 
whereas RRC will not. In general, the number of intercell 
movements depends upon the production volume, the number of 
operations of each type and the availability of the tools and 
machines. Thus for the purpose of reducing intercell 
movements, groups should be determined using ARC computed on 
the basis of the number of operations- and considering the 
production volume. ARC, however, as can be seen from its 
definition, does not consider the sequence among operations 
and thus can be considered to represent a optimistic savings 
in the number of intercell movements. 

(i) The intercell movement cost, in general, will be different 
for the different parts owing to the raw material character- 
istics, size, shape and weight. The variable w^ can be 


interpreted to incorporate the cost of movement where w^ is 
defined as the product of the production volume and the unit 
cost of movement for part i. The expressions for ARC, thus, 
would determine the commonality including the cost of 
movements . 

2.2.2 For a Pair of Parts 

In the case where the parts do not have alternative process 
plans, the formulations given in the Section 2.2.1 can be used for 
computing the requirement compatibility by substituting P^ and P;J 
by i and j, respectively, and for brevity placing them as 
subscripts, e.g. RM(i,j) will be denoted as RM--. The resulting 

* w 

expressions for the absolute requirement compatibility and the 
relative requirement compatibility, from the equations (2.1) and 
(2.2), are: 

V i; V j, (2.17) 

V i; V j. (2.18) 

The expressions showing bounds on the values of ARC and RRC 

are: 



0 ^ ARC. . ^ R. 

1 1 J 1 

V i; V j 

and 

0 ^ RRC. . ^ 1 

1 .J 

V i; y j 


Given below are the resultant expressions for the total and 
the matched requirements determined based on the number of 
machines. These expressions will be used in Section 2.3 to 
establish relationship of RRC with other commonality measures. 


ARC. . = RM. . 

I » J I , J 


and 


RMii 


(a) Total Requirement 


= iD.j y i (2.19) 

(b) Matched Requirement 

RM. . = Z Z. „ V i; V j. (2.20) 

meD^ 

The expressions given in the equations (2.15) and (2.16), 
showing the symmetric property of the matched requirement and the 
absolute requirement compatibility, will simplify to: 

RM. . = RM^ ^ V 1 and V j, (2.21) 

I 1 J J J I 

and ARC. • = ARC- . V i and V j. (2.22) 

* f J J f • 


2.2.3 For a Pair of a Process Plan and a Machine 

The absolute requirement compatibility and the relative 
requirement compatibility as per their definitions can be 
expressed by equations (2.23) and (2.24) given below. 



The expressions for the total and the matched requirements 
for the different bases relevant to the pairs of parts and 
machines, are as follows. 
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2.2.3. 1 

(a) 

(b) 


2 . 2 . 3. 2 

(a) 

(b) 


2 . 2 . 3. 3 
(a) 


BASED ON THE PROCESSING TIMES 
Total Requirement 

It can be computed from the equation (2.3). 

Matched Requirement 

The matched requirement of a process plan based on 
the processing times of the operations which are 
compatible to a machine, is given by the following 
expression: 


RM(P^^. 



-N(P^) 

I T(k:P 

_ 

V i; 

u = 1 , . . . , jF^ I ; 
m= 1, ..., M. 


6^m, B(k:P’) 


u 


(2.25) 


BASED ON THE NUMBER OF OPERATIONS 


Total Requirement 

The total requirement for this situation is 
computed from the equation (2.7). 


Matched Requirement 

The matched requirement is expressed as: 


RM(p’,m) = w. 


j 

i 1 


1 5 

m, B(k:P^) 

1 J 


Lk=l 1 

1 _ 


V i ; 

u = 1 , . . . , |F^ I 
m = 1 , .... M. 


(2.26) 


BASED ON NUMBER OF TOOLS 
Total Requirement 

The total requirement can be computed using the 


equation (2.13). 
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(b) Matched Requirement 

It can be computed from the following 
equation. 

RM(P^,m) = I ZiPLt) 
m 

V i; 

u = 1, ...f 

m = 1 , .... M. (2.27) 

2. 2. 3. 4 SOME COMMENTS AND OBSERVATIONS 

Similar to the observations made in the Section 2. 2. 1.5, 
given below are some observations and comments related to the 
definitions and equations (2.25), (2.26) and (2.27) of the matched 
requirement of a part computed with respect to a machine. 

(a) The expressions for matched requirement based on processing 
time (equation (2.25)) and that based on the number of 
operations (equation (2.26)) are equivalent if the processing 
times of all the operations are the same and equal to one, 
i .e. 

T{k:P^) = 1 V i; k = 1, ..., N(PjJ,); 

u - 1,...,|F^|. 

(b) The matched requirement based on the number of operations 

(equation (2.26)) with w^. = 1 V i is equivalent to the 

matched requirement based on the number of tools (equation 
(2.27)) provided the operations are classified based on the 
requirement of tools. 

(c) From the discussions made above in (a) and (b), it can be 
seen that the definition of the matched requirement based on 
the processing times (equation (2.25)) is the most general 


one. 
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(d) For the case when each of the parts has single process plan, 
the equations (2.25), (2.26) and (2.27) can be simplified by 
substituting by i . 

(e) The relative requirement compatibility defined on the basis 
of the number of tools for a pair of a part and a machine is 
similar to the compatibility index defined by Gunasingh and 
Lashkari (1989a) as the ratio of common tools between the 
part and the machine to the minimum number of tools available 
on the machine and the number required by the part. 

(f) The definitions of requirement compatibility can be extended 
suitably for incorporation of the different combinations of 
pallets, tools, jigs, fixtures, etc. in a manner as discussed 
in the Section 2.2.1.5(e). 

(g) ARC remains sensitive to the production volume of the parts, 
whereas RRC does not. 

(h) The definitions of the matched requirement of a part with 
respect to a machine group can also be determined using the 
equation (2.27). However, will denote the set of tools 
which can be loaded on the machines of the machine group. 

2.3 RELATIONSHIP OF RELATIVE REQUIREMENT COMPATIBILITY WITH OTHER 
COMMONALTY MEASURES FOR A PAIR OF PARTS 

In the following sections, the relationship between various 
measures of commonality are established and investigations and 
comments are made based on their interrelationship. 

2.3.1 Mathematical Relationship 

In this section, the mathematical relationship of the 
proposed relative requirement compatibility (RRC) with other 
commonality measures, viz., the cell bond strength (CBS), the 




Jaccard’s similarity coefficient (JSC), the product type 
similarity coefficient (PSC) and the simple matching similarity 
coefficient (MSC), is established. Though the definitions of CBS, 
JSC, PSC and MSC can be extended to find commonality between pair 
of process plans, for the simplicity these measures and RRC are 
considered for a pair of parts and are defined on the basis of the 
number of machines. 

The expressions for MSC, CBS, JSC and PSC are given below: 


M-R. -R.+2RM. . 

1 J 1 .J 

MSC^ , = V i; y j (2.28) 


1 ,J 


M 


CBS, 


1 ,J 


RM . . RM . . 

l.J J,^ 

+ 




V i; V j (2.29) 


JSC. ■ = 
1 ,J 




«i ^ 


V i; V j (2.30) 


RM. . RM. . 

J,i 

PSC, , = * 


T , J 


"j 


V i; V j (2.31 ) 


where the value for RM., is the same as given in the equation 

ij 

(2.20) and those of R. and R. are as given in the equation (2.19). 

^ J 

From the equation (2.18), 


Ri = 


RM. . 
_Lii 


RRC 


V i; V j, (2.32) 


l.J 


RM 


and 




-RRii 


. 1 


V i ; V j. (2.33) 


J.i 


Using the symmetry property of RM. . given in the equation 

* f J 

(2.21), the equation (2.33) can be rewritten as: 


RM . . 

R. = 


RRC 


V i; V j 




Using the equation given above and the equations (2.18) and 
(2.32), the equations (2.29), (2.30) and (2.31) can be written as: 


CBS^ . = RRC^ . + RRC^ 4 
ifj »fj Jfl 


Vi; V j, (2.34) 


JSC 


RRC. . . RRC. . 

I f J J » 1 


1 .J 


RRC. . + RRC. . - RRC. . . RRC. . 

»>J Jt» »>J Jf» 


V i; V j, (2.35) 


PSC4 4 = RRC4 4 . RRC 4 4 
»|J ‘fj Jl * 


V i; V j. 


(2.36) 


From the equations (2.34) and (2.36), the equation (2.35) can 
be written as: 


JSC 




1 .J 


(CBS4 4 - PSC. .) 

• » J 1 f J 


V i; V j. (2.37) 


Since the value of RRC can at most be equal to one, following 
will be valid: 


RRC. . + RRC4 4 - RRC4 4 . RRC4 . ^ ^ V i; y j. 

i,j j,i i,j j,i 


Thus the equation (2.35), in view of the above inequality. 


win transform to: 


JSC. . i RRC. . . RRC. . 

IfJ 


V i; V j. 


The above relation in view of the equation (2.36) is: 


JSC . • ^ PSC . • 

i,J T,J 


y i; y j. (2.38) 


2.3.2 Observations on Interrelationship and Definitions of 
Commonality Measures 

From the expressions of the definitions and the relations 
between RRC, CBS, JSC and MSC described and developed in the 
Sections 2.2.2 and 2.3.1, the following observations can be made: 

(i) From the equations (2.34) and (2.36), it can be seen that 
the sum of the RRCs of two parts determined with respect to 
each other is equal to CBS between the two parts; whereas 
the product is equal to PSC. The equation (2.35) depicts 
that JSC uses both the sum and product of the two RRCs. 
Obviously, the measures CBS, JSC and PSC can completely be 
defined using RRC. However, MSC does not have such relation 
with RRC as can be seen from the equations (2.18) and 
(2.28). 

(ii) From the expression (2.38), it is obvious that the value of 
JSC will be at least equal to PSC. 

Further, both of these measures will be equal for 
those pairs of parts for which all the machines required by 
one part are also needed by the other part of the pair. In 
such situations, at least one of the two RRCs computed for 
two parts of a pair will be equal to one. 

(iii) It should be noted that the relationship of RRC with CBS 


shown in the equation (2.34) will also be valid when CBS as 
originally proposed by Studel and Ballakur (1987) is 
defined on the basis of processing times of the operations. 
However, RRC should also be defined on the basis of 
processing times. 

(iv) The bound on the values of different commonality measures 
are as given below. 

0 S CBS. . i 2 V i; V j 

• f J 

0 i JSC. . i 1 V i; V j 

» » J 

0 ^ PSC. . ^ 1 V i; V j 

• f J 

0 i RRC. . 2£ 1 V i; V j 

» f J 


(v) Higher values of all these measures will indicate higher 
degree of closeness between a pair of parts. 

(vi) The relationship between these measures will also hold for 
the case when parts have alternative process plans provided 
the definitions of CBS, JSC and PSC are suitably modified 
and extended. 

(vii) The equations (2.29) and (2.34), and the equations (2.31) 
and (2.36) describing CBS and PSC on the basis of the 
number of machines can also be used to define them on the 
bases of the number of operations and the processing times. 
For these additional bases the matched requirement may not 
be symmetric. It may be recalled from the Section 
2.2.1.5(f) that the matched requirement computed on the 
basis of the number of machines or tools is symmetric. 
Thus, the equation (2.35) which assumes symmetric property 
of the matched requirement, cannot be used for computing 
JSC. Further, the equation (2.30) cannot also be used for 


this purpose because it is valid only when the requirements 
are expressed in terms of the number of machines. However, 
a measure on the basis of the number of operations and the 
processing times, that is quite similar and close to JSC, 
can be defined as: 




RM._j 


R. ^ R. 
1 + J 


V i ; V j 


(viii) It should be noted that the relationships of JSC with CBS 
and PSC given in the equations (2.37) and (2.38) will no 
longer be relevant if the measures CBS and PSC are computed 
on the basis other than the number of machines. 

(ix) From the equations (2.29) and (2.31), it can be observed 
that the consideration of production volume will not have 
any effect on the values of the measures CBS and PSC 
defined on the bases other than even machines. The measure 
JSC (equation ((2.30)) whose definition is valid only for 
the number of machines, is not affected by the production 
volume since the consideration of the production volume 
does not alter the machine requirements of parts. 

A measure on the basis of the number of machines or 
the processing times which incorporates the production 
volume and in close to JSC, can be defined as: 


JSC 


1 ,J 


w. RM. . . w. RM. . 
1 1 . J + J J 1 1 


w .R . ■ w .R . 

11+ J J 


V i; 


V j 


where w. and w. are the production volumes of the parts i 
and j, respectively. 


DO 




2.4 COMPUTATIONAL REQUIREMENT 

It can be seen from the equations (2.29), (2.30) to (2.31) 
and (2.34), (2.35) to (2.36) that while determining CBS, JSC and 
PSC, the measure RRC gets computed directly or indirectly at some 
intermediate step (directly in case of CBS and PSC, and indirectly 
for JSC). It can also be seen that, in essence, the values of the 
pair of RRCs are aggregated according to equations (2.34), (2.35) 
and (2.36) to give the values of the respective commonality 
measures. Since the process of aggregation will involve addition- 
al arithmetic operations, CBS, JSC and PSC will require more 
computations than RRC. Also as can be seen from the equations 
(2.18) and (2.28), MSC will require more computations than RRC. 

In case of RRC, which need not be symmetric for pairs of 
parts, e.g. for parts i and j the pairs (i, j) and (j, i), a full 
matrix is required to contain the complete information about the 
closeness between the various parts, whereas for the other 
measures, triangular matrices will suffice. Moreover, the inform- 
ation available in the full matrix of RRC, showing the degree of 
closeness between a pair of parts with respect to each other, is 
more than the information contained in the triangular matrices of 
the other measures. 

It should be noted that the triangular matrices of CBS, JSC, 
and PSC, as shown in the Section 2.3, can be determined from the 
matrix of RRC, and not vice versa. 

From the discussions made in the above paragraphs, it can be 
concluded that RRC requires the least computation and contains 


more information. 


2.6 DISCRIMINATING POWER 


In order to analyze the relative usefulness of the commona- 
lity measures described in the Section 2.2 and 2.3, the discrimin- 
ating characteristics of these measures need investigation. 

Of course, the basic philosophy behind the use of the various 
commonality measures is the same, but the power of discriminating 
similar parts from dissimilar ones may be different. In order to 
make a comparison of the discriminating power of the various 
measures, the results and observations of the Section 2.3 will be 
used . 

As shown in the previous sections, RRC as opposed to other 
measures gives the information about the closeness between a pair 
of parts using two distinct numbers each showing the degree of 
closeness of one part with respect to the other. In general, a 
better decision requires more as well as comprehensive information 
regarding the input parameters and rules. Thus, it can be 
expected that the RRC as compared to the other commonality 
measures will have better discriminating characteristic of 
identifying similar parts from dissimilar ones. However, from the 
definitions, expressions and the interrelationship, it is diffi- 
cult to say, in general, about the relative discriminating power 
of the other measures. 

On the basis of certain illustrations each depicting a 
different problem scenario, Chandrashekharan and Rajagopalan 
(1989) observe JSC to be better than MSC, and Ballakur and Studel 
(1987) observe CBS to be better than JSC for their discriminating 


characte r i st i cs . 


Table 2.1: Commonality Measure Values for Different Problem 
Scenarios for the Comparison of the Discriminating 
Characteristics. 
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In order to judge the relative discriminating power of CBS, 
JSC, MSC, PSC and RRC, a set of 22 different scenarios for the two 
parts of a pair is considered. The parameters of the problem 
scenarios and the various relevant computed values are presented 
in Table 2.1. The scenarios are grouped into six blocks (see 
Table 2.2). In blocks I to V, at least one of the commonality 
measure has a constant value, whereas block VI contains the 
scenarios with extreme conditions showing no matching to complete 
matching of a part with respect to the other. In each block, 
scenarios included represent a wide range of number of common 
machines and total machine requirements for the pair of parts. In 
addition, for the scenarios in each block, the ratio of the number 
of the common machines to the total machine requirement is taken 
to be different. 


Table 2.2: Blocks of Scenarios Given in Table 2.1. 


Block 

Scenarios 

Measures which 
are constant 

I 

1 . 2, 

3, 4 

CBS 

II 

5. 6, 

7, 8 

JSC 

III 

9, 10, 

11 , 12 

MSC 

IV 

13, 14, 

15, 16 

PSC 

V 

17, 18, 

19, 20 

CBS, JSC, PSC, RRC 

VI 

21, 

22 

— 


Following are the discussions made on the basis of the values 
of given parameters and computed commonality measures shown in the 
Table 2.1. These results are also used for validating the 
observations regarding the relations between numerical values of 





the commonality measures shown and discussed in the previous 
sections. 

(i) It can be observed from the scenarios of Block V that when 
RRC . . and RRC . . are constant, the measures CBS. JSC. . 
and PSC. . are also constant. This is so because CBS. 

* 1 J » I J 

JSC. . and PSC. . can be uniquely determined from RRC. . and 
f J f J T f J 

RRC. . (see the equations (2.34), (2.35) and (2.36)). 

J » 1 

Therefore, it can be said that for the situations where the 
ratios of the number of the common machines to the total 
machine requirements of the two parts of a pair are constant, 
RRC along with CBS, JSC and PSC are also constant. 

(ii) For each of the scenarios, the values of JSC are greater than 
or equal to PSC. This is in conformance to the expression 
(2.38). Further, as can be seen from the scenarios 1, 5, 20 
and 22, whenever JSC. . and PSC. .are equal, at least one of 

T I J T I J 

the values of RRC. ■ and RRC. . is equal to one. 

I , J J f • 

(iii) As seen from the Tables 2.1 and 2.2, while CBS, JSC and PSC 
remain constant corresponding to the scenarios of the Blocks 
I, II and IV, the RRC shows variations in its values. As 
mentioned earlier, the values of these measures are also 
constant whenever RRC is constant. Thus, it can be concluded 
that the . CBS, JSC and PSC as compared to RRC are less 
sensitive to recognize the variations in degree of closeness 
between pairs of parts. 

For example, in the scenarios of the Block IV, when PSC 

has a constant value of 0.1200, indicating the same degree of 

closeness between the parts i and j in all the scenarios, the 

values of RRC. . range from 0.4000 to 1.000, and those of 
• f J 
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RRC. . from 0.1200 to 0.3000. In scenario 13, out of the 

J f » 

total machine requirements (henceforth to be termed as 
requirement only) of 30 for part i, and that out of 40 for 
part j, 12 machines are common. However, in the scenario 16, 
there are 120 common machines out of the total requirement of 
120 for part i and out of 1000 for part j. The measure PSC 
remains insensitive to these distinct numbers and proportions 
of the common machines. But the measure RRC reflects these 
variations by having distinct values. Similar observations 
about the insensitivity of the CBS and JSC can be made from 
the scenarios of the Blocks I and II, respectively. 

(iv) In the scenarios 1 and 2, most of the requirements of part i 
match with that of part j. In the scenario 1, all the 50 
machines required by part i are also needed by part j, 
whereas in the scenario 2, 96 machines out of 100 required by 
part i are also needed by part j. In these two scenarios, 
part i stands as a strong candidate to belong to the group of 
part j. However, for these two scenarios both JSC. . and 

1 I J 

PSC. . take small values (JSC. . = 0.0500 and 0.0956, and 
f J » f J 

PSC. . = 0.0500 and 0.0922) which may discourage the grouping 
T » J 

of parts i and j. The values of these measures are small 
because of the poor matching requirements of part j with that 
of part i, and also due to aggregation of the matching 
requirements of the part i with j and that of j with i. Such 
a probable error in grouping decision can be avoided by not 
aggregating, but using the matching requirements of parts 
computed separately with respect to each other. The introdu- 
ction of the concept of RRC is an attempt in this direction. 
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The values of RRCs shown in the Table 2.1, which distinctly 
recognize the individual matching requirements, can be used 
for such purposes. 

(v) It can be seen from the Table 2.1 that whenever JSC and PSC 
take somewhat high values, the value of CBS (at the scale of 
0.00 to 2.00) is also reasonably high. For example, in the 
scenario 8, the value of CBS. . is 1.3714, while JSC. . and 

T » J » I J 

PSC. . are 0.5000 and 0.4571, respectively. 

» f J 

However, as can be seen for the pairs of parts (i, j) of 
the scenarios 1, 2, 5, 16 and 22, where compatibility of the 
part i (j) with respect to j (i) is high and low for the part 
j (i) with respect to i (j), JSC and PSC take small values 
though the value of CBS remains reasonably good. In general, 
if the value of any commonality measure for a pair of parts 
is high, then the chances of grouping these two parts 
together will be better; and vice versa. Therefore, for 
these scenarios representing extreme situations where a part 
is almost compatible with the other part, the smaller values 
of JSC and PSC will discourage the grouping of these parts 
together, whereas using CBS, one can have high hopes for 
their grouping. The reason for such discrepancy is as 
follows. 

For a pair of parts, in the above mentioned extreme 
situations, one of the RRC will be high and the other will be 
small. Since RRC can at most be equal to one, the 

multiplication of these two fractional values of RRCs will 
result a smaller number. Therefore, in this case, JSC and 
PSC which use the product of two RRCs (see equations (2.35) 
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and (2.36)), will also be small. However, CBS which is the 
sum of the two RRCs will be reasonably good. 

From the above discussions, it can be said that CBS as 
compared to JSC and PSC will have better discriminating 
characteristics. This is further illustrated through numeri- 
cal examples in Section 2.7. 

(vi) As illustrated by the scenarios of Block I, CBS. . fails to 

1 f J 

differentiate the degree of matching of the requirements of 
part i with part j which varies from 50 common machines out 
of 50 machines total required to 525 common machines out of 
1000 total required by part i. This, again, is due to the 
aggregation of matching requirements of parts i and j. The 
values of RRCs as given in Table 2.1 do remain sensitive to 
such variation. 

(vii) From the various scenarios, it can be seen that MSC changes 
with variations in the number of uncommon machines and also 
with the total number of machines considered for the 
grouping. Further, as can be seen from the scenarios of the 
Block III that when the number of uncommon machines remains 
constant, the value of MSC is also constant. Thus, MSC is 
observed to be insensitive for recognizing the variations in 
the number of machines commonly required by individual parts 
of a pair and its proportion to their total requirement. 

For example, in the scenario 1, the value of MSC. . is 

1 f J 

0.5250 when the number of uncommon machines are 950 and the 
total number of machines considered for grouping is 2000. 
The value increases to 0.9050 when the total number of 
machines considered for grouping becomes 10,000. The value 
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of MSC. . does not change for the scenario 4 for which the 

» f J 

number of uncommon machines remains the same. However, for 
the scenario 3, when the number of uncommon machines is 800, 
the value becomes 0.6000. 

Further, in the scenario 21, though the requirements of 

machines of parts i and j are totally different, MSC. . is 

T » J 

quite high and so will be the chance of grouping these two 
parts together. Interestingly enough, when the part i becom- 
es fully compatible with part j, improvement in MSC. . value 

• f J 

is insignificant as can be seen from the scenario 22. 
However, the other measures, initially at zero in the 
scenario 21, increase remarkably with increase in the number 
of common machines as shown in the scenario 22. In the 
scenario 1, requirements of part i are completely compatible 
with that of part j; whereas in the scenario 21, the require- 
ments of the two parts are completely different. However, 
MSC. . for the scenario 1 is significantly lower than for the 

* f J 

scenario 21 when the total number of machines considered for 
grouping is 2000. Obviously, the MSC value may be quite high 
for dissimilar parts and low for the parts with high matched 
requirements. 

The reason of occurrence of the above problems can be 
attributed to the method of computing the MSC. The MSC 
ignores the individual requirements of parts and depends upon 
the number of uncommon machines between the pairs of parts 
and the total number of machines considered for grouping. 

Since the aforementioned problems do not arise with 
other commonality measures as can be seen from the scenarios 
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given in the Table 2.1, it can be said that the other 
measures will possess better discriminating characteristics 
than the MSC. 

From the discussions and observations made in the above 
paragraphs regarding the discriminating characteristics of the 
commonality measures, it can be concluded that the RRC, as 
compared to other measures, has the highest sensitivity to capture 
the variations in the problem parameters and thus has highe* 
capability of identifying similar parts from dissimilar ones. 

2.6 COMMONALITY MEASURES AND THEIR NUMERICAL VALUES 

As mentioned earlier, various commonality measures (CBS, JSC, 
PSC and RRC) depend upon the matching requirements of parts of a 
pair, and for a given pair resume different values according to 
their definition. A measure may have the same numerical value for 
a number of pairs of parts having different combinations of the 
problem parameters. This has been seen already in the Table 2.1 
where a measure has the same value in a block containing a variety 
of scenarios. These open the following issues related with the 
numerical values of the commonality measures for further 
investigation. 

(a) How sensitive the values of commonality measures are for 
capturing correctly the variations in the parameters of 
various problem situations? 

(b) What is the nature of the variation in the values of the 
commonality measures for the whole range of the combinations 
of the matching of two parts of a pair? 

(c) What value of a commonality measure can be considered to be 
good (or bad) for showing reasonable closeness (or 


dissimilarity) between the two parts of a pair, and for the 
purpose of grouping in general? 

The issue, as mentioned in (a) above, related with the 
sensitivity of the commonality measures has been discussed in 
detail in the Section 2.5 using their mathematical relationships 
and the various scenarios illustrated in the Table 2.1. However, 
it is not possible to investigate the issues (b) and (c) with 
these aids. For this purpose, a set of 1,000,000 pairs of parts, 
covering a wide spectrum of different levels of matching in the 
machine requirements of the two parts of these pairs, are 
generated and the frequency distributions of the commonality 
measures are collected. 

The level of the matching, relating the number of machines 
common to both the parts of a pair with their individual total 
machine requirement is the same as relative requirement compatibi- 
lity of the two parts computed with respect to each other. 
Therefore, the frequency distribution showing different levels of 
matching in the machine requirements will be the same as that for 
the values of RRC. In other words, the distribution of RRC values 
itself will represent the distribution for the matching of the 
requirements. Henceforth, the reference to the distribution of the 
level of matching will be made by that of RRC. 

The values of the RRCs for the two parts of each of these 
pairs are generated using random number generator of IMSL library, 
and then mathematical expressions (2.34), (2.35) and (2.36) of the 
Section 2.3 are used to compute the values of CBS, JSC and PSC 
from the two RRCs. Some ten distributions allowing a variety of 
combinations of problem parameters as reflected by the matching of 
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the machine requirements are considered to study the behaviour of 
the values of various cotmnonality measures. The distributions are 
as shown in Table 2.3. The distributions I and II represent 


Table 2.3: Distributions for Matching of Machine Requirements. 


Distribution 

Description 

I 

Normal (mean = 0.25, std. dev. = 0.0888) 

II 

Beta (a = 1.1, p = 3.3) 

III 

Beta (a = 0.5, ^ = 1.0) 

IV 

Beta (a = 0.9, p - 0.9) 

V 

Uniform ( a = 0.0, b = 1.0) 

VI 

Triangular (symmetric with mean = 0.5) 

VII 

Normal (mean = 0.5, std. dev. = 0.1666) 

VIII 

Beta (a = 1.0, p = 0.5) 

IX 

Beta ia - 3.3, p= 1.1) 

X 

Beta (a= 5.5, 1.1) 


situations where parts are mostly dissimilar from each other and 
thus are not so suitable for grouping. The distributions VIII, IX 
and X, on the other hand, represent situations where most of the 
parts are quite close to each other and thus may be required to be 
put into few groups only. The other distributions, of course, 
represent the general situations and are normally considered for 
grouping. 

The resulting frequency and cumulative distributions for 
these measures are shown in Figures 2.1 to 2.10, and the other 
relevant statistics in Table 2.4. Since the interval for CBS 
value is [0,2] instead of [0,1] as for the rest of the other 
measures, for a better understanding of the variability in the 
values of the commonality measures, their interval lengths (R) are 
normal i zed and expressed in terms of their respective standard 
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Figure 2.3: Frequency Density and Cumulative Distribution Curves for Matching 
Distribution ; Beta ( Ct = 0.5, ^ = 1.0 ) . 
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Figure. 2.7: Frequency Density and Cumulative Distribution Curves for Matching 
Distribution? Normal (|j = 0.5,IT =0.1666). 
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Figure. 2.8: Frequency Density and Cumulative Distribution Curves for Matching 
Distribution: Beta ( Ct = |.0, 0.5). 
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Figure. 2.9: Frequency Density and Cumulative Distribution Curves for Matching 
Distribution : Beta ( (T = 3.3 ,/8 * |.| ) . 
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Figure. 2.10: Frequency Density and Cummulative Distribution Curves for 
Matching Distribution: Beta ( ^7 = 5.5, /0 = 1,1 ) . 



Table 2.4 : Some Related Statistics on Various Comnanality Measures for 
Different Matching Reguireaent Distribution. 


Distribution 


IRC 


CIS 


m 


3SC 




iuibtr 




I 


II 


III 


IV 


V 


VI 


VII 


VIII 


IX 


X 


0.2500 0.0827 12,0881 


0,2501 0.1803 5.3066 


0.3330 0.2979 3.3564, 


0.5000 0.2986 3.3491 


0.4998 0.2888 3.4628 


0.5000 0.2041 4.8991 


0.4992 0.1643 6.0B97 


0.6665 0.2982 3.3530 


0.7505 0.1859 5,3778 


0,8335 0.1350 7.4064 


0.5005 6.1169 17.1054 


0.5003 0.2630 7.6040 


0.6659 0.4219 4.7410 


0.9999 0.4223 4.7355 


0.9997 0.4086 4.8952 


1.0000 0.2SB5 6.9328 


0.9981 0.2327 8.5944 


1.3331 0.4236 4.7215 


1.5010 0.2635 7.5974 


1.6670 0.1910 10.4731 


0.0626 0.0360 33.^8 


0.0624 0.0741 13.5048 


0.1111 0.1665 6.0073 


0.2500 0.2292 4.3637 


0,2499 0.2206 4.5338 


0.2500 0.1501 6.6600 


0.2492 0.1191 8.3948 


0.4450 0.2953 3.3866 


0.5633 0.2005 4.9882 


OJ947 0.1602 6.2431 


0.1351 0.0432 23.1304 


0.1108 0,0901 11.0983 


0.1416 0.1737 5.7572 


0.2873 0,2244 4.4561 


0.2898 0.2154 4.6422 


0.3100 0.1431 6.9857 


0.3170 0.1120 8.9276 


0.46B1 0.2835 3.5219 


0.5897 0.1843 5.4261 


0.7102 0.1478 6.7671 
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deviations (a). a higher value of the ratio R/o will indicate a 
lower variability for the corresponding commonality measure. 

In the following subsections, some efforts are made to answer 
the questions (a), (b) and (c) raised above. 

2.6.1 Sensitivity of Values for Capturing Variations in Problem 
Scenarios 

It can be seen from the frequency distribution curves shown 
in the Figures 2.1 to 2.10 that the distribution curves for CBS 
closely follow the pattern of RRC which also represent the 
variations in the matching requirements, whereas those of JSC seem 
to be somewhat away, and those of PSC comparatively more away. 
This fact can also be noticed from the cumulative distribution 
curves. The curves for CBS are closest to that of RRC, whereas of 
JSC farther, and that of PSC are farthest from the corresponding 
cumulative curves of RRC. 

In general, the numerical value of a commonality measure 
should itself provide sufficient idea about the kind and amount of 
closeness, or in other words, the level of matching in machine 
requirements of the two parts of pair. As observed in the 
previous paragraph, the measures other than RRC do not have a 
strong property of this kind and also the power of identifying the 
true variation in the closeness of parts is not the same for these 
measures. Thus the measures, based on the decreasing tendency of 
capturing the true variation in the level of matching in the 
machine requirements, can be sequenced as RRC, CBS, JSC and PSC. 

Since the discriminating power of a commonality measure is 
characterized by its ability to provide the true picture of 
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closeness, the above sequence represents the commonality measures 
in the order of their decreasing power of discrimination. 


2.6.2 Nature of Variations in the Values of Commonality Measures 

From the frequency distribution curves shown in the Figures 
2.1, 2.4, 2.5, 2.6 and 2.7, it can be seen that whenever the 
distribution for RRC is symmetric, it is also symmetric for CBS. 
For all the cases, the frequencies at and around the mean value 
are more for CBS compared to that for RRC. From the Table 2.4, it 
can be seen that for each of the distributions the mean of the RRC 
(Mrrc) is half of that for CBS However, the ratios of 
mean values of CBS and RRC to their respective interval lengths 
are equal . 

The ratio of interval length to standard deviation {R/o) for 
CBS being always greater than for RRC indicates that the variabi- 
lity in the values of RRC, in general, will be higher than that 
for CBS. For the distributions IV, V, VI and VII, the 


Hcbs 

almost 

constant and 

are around 0.5 

and 

1.000, respect i- 

vely. 

But the 

respective 

values of R/o 

for 

RRC are 

3.3491 , 

3.4628, 

4.8991 

and 6.0877, 

whereas those 

for 

CBS are 

4.7355, 

4.8952, 

6.9328 

and 8.5944, 

respectively. 

These values 

clearly 


show that the variability in the value of CBS decreases with 
decrease in the variability of the values of RRC. The same 
characteristic can be observed for the distributions I and II. 
For the distributions III, IV and VIII, the values of not 

the same, but same and is around 0.3. Similarly, for 

RRC 


these distributions, the values of ®ne also not constant and 

CdS 


CcBs "is constant with its value around 0.42. Similar observations 
can be made from the distributions II and IX. Further, from 



R/cr tor RRC 


Figure 2 11: Relationship Between the Ratio ot Interval 
Length and Standard Deviation (R /O" ) for 
RRC end CBS- 



/^RRC 

Figure 2-12:Relationship Between the Mean Values of RRC ond PSC 


Figure 2.11, it can be seen that R/o for CBS in monotonically 
increasing function of R/<J of RRC. In addition, is found to 
be almost 1.414 times of 

The relations observed above regarding mean and R/a values of 
CBS and RRC are also found supported with analytical results as 
discussed below. 

Let R1 and R2 are two independent and identically distributed 
random variables denoting two RRCs corresponding to the parts 1 
and 2 forming a pair and computed with respect to each other, and 
corresponding value of CBS be C. Then, from the equation (2.34), 

C = R1 + R2. 

Since R1 and R2 are independent and identically distributed 
random variables, the mean (Mq), and the standard deviation (a^) 
of variable C will be: 

= 2fXp (2.39) 

and - 2o^, (2.40) 

where and are the mean and standard deviation of RRC. The 
relationship between means and standard deviations of RRC and CBS 
obtained from the simulation are the same as shown by the 
equations (2.39) and (2.40). From this result the validity of the 
simulation can be confided. 

The kind of relations which exist between means and standard 
deviations of CBS and RRC do not apply to the means and standard 
deviations of any other pair of the commonality measures. 

Looking into the values of and for the distribu- 
tions I and II, and also for the distributions IV, V, VI and VII, 


it can be said that is directly related with #^rrc* To*^g 
as MppQ is constant, Wp 3 Q also remains constant even though ‘^r'^q 
may vary. The relation between Mrrq #ipg^ is shown in Figure 
2.12. It can be seen from this figure and also from the Table 
2 . 4 that 

relation seems to exist between ^'j 5 q and Mrrq 


pgQ is the square of /^rrq* However, no straight 


From the Table 2.4, it is found that the f^jsc always 
greater than Mpg^, but is smaller as compared to a^rq- The 
variability in the values of PSC and JSC are less as compared to 
that of RRC except for the distributions IX and X which are 
negatively skewed. 

Further, from the Figures 2.1 to 2.10, the following can be 
observed. 

(i) The mode value for PSC is never greater than that for JSC. 

(ii) The cumulative distribution curves for CBS and RRC intersect 
each other at their mean values. 

(iii) The cumulative distribution curve for CBS is closest to that 
of RRC, whereas of JSC is farther and that of PSC farthest. 


2.6.3 Value of Commonality Measure Versus Degree of Closeness 

As mentioned in (c), the issue of viewing the level of 
closeness between the two parts of a pair from the numerical 
values of the commonality measures itself, is quite important when 
the procedures used for the determination of groups use some 
threshold value as a cutoff point. In case of extreme situations, 
i.e. of no matching or complete matching, the commonality measures 
will also assume extreme values. Therefore, making inference 
regarding the closeness between the parts for such extreme values 
is trivial, and vice versa. However, in case when values of the 


confMTional ity measures are not at extreme, it is difficult to say 
exactly as what kind of closeness exists between the two parts of 
a pair. 

In general, the values of any commonality measure will be 
high only when there is a high degree of matching in requirements 
of the two parts of a pair. Therefore, a high value of a measure 
will always correspond to high level of closeness between the two 
parts of the related pair. 

For the pairs of parts, where a part though providing less 
matching to the machine requirements of the other part, has high 
matching with that of the other, the values of JSC and PSC will be 
very low, that of CBS somewhat good, and that of one of the two 
RRCs quite high and of other quite low. Therefore, in case of JSC 
and PSC, it will be wrong to say that lower values of the measure 
will always correspond to low degree of closeness between the two 
parts of a pair; whereas this statement will hold true for CBS. 
In case of RRC, the decision can be made only when both of the 
values of RRC obtained for each of the two parts forming the pair 
have been looked into. If both of the values are low, it can be 
concluded that matching between the two parts is poor; and when 
out of the two at least one is good, the two parts still enjoy 
high consideration for grouping together. 

The discussions made in the above paragraph indicate that the 
RRC compared to the other measures may involve more number of 
pairs of parts in grouping decisions. This point can further be 
studied in the following manner. 

— — Keeping the threshold value (say T) for each of the 
commonality measures (except CBS) to be the same, and then 
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finding percentage of occurrences of the pairs for which 
the measure values are above their corresponding threshold 
values. The threshold value for CBS will be twice of that 
for the other measures. 

Choosing the threshold values for the various correnonality 
measures in a manner such that the percentage occurrences 
of the values of the measures beyond their corresponding 
chosen limits are the same. 


2.6.3. 1 SAME THRESHOLD VALUE FOR EACH COMMONALITY MEASURE 


Most of the heuristic algorithms, which are based on some 
kind of coefficients representing a commonality measure, require 
some threshold value to help in deciding the parts which are to be 
kept in the same group, and in some cases the number of groups as 
well. 


Normally, the threshold values would be kept large to ensure 
that only similar parts stay in the same group. For higher 
threshold values, it can be seen from the Figures 2.1 to 2.10 that 
for comparatively more number of occurrences the value of at least 
one of the two RRCs computed for a pair of parts is greater than 
or equal to its specified threshold limit fppQ* Fo*' example, for 
threshold value of 0.7 (1.4 for CBS) for the distribution V, the 
percentage occurrences beyond the corresponding threshold values 
for measures RRC, CBS, JSC and PSC are 30, 18, 6 and 5, respecti- 
vely (see Figure 2.5). 

Further, looking into the cumulative frequency diagrams shown 
in the Figures 2.1 to 2.10, one can infer that if the threshold 
values are kept sufficiently low such that or 
^CBS ^ ^CBS’ measure CBS will find maximum occurrences 


beyond its corresponding threshold value. In fact, this does not 
happen because of the use of two distinct numbers of RRC 
corresponding to the two parts of a pair compared to only one for 
the other measures. This aspect is discussed in detail in the 
following section. 

2. 6. 3. 2 DIFFERENT THRESHOLD VALUES FOR COMMONALITY MEASURES 

In the previous section, for the purpose of analysis, the 
same threshold value (in case of CBS, twice of the others) was 
taken for each of the measures of commonality although the 
definitions of these measures are different. Therefore, underst- 
anding that each measure is different from the other and for the 
same degree of closeness assumes a different value, it may be 
reasonable to define different threshold values for different 
commonal i ty measures . 

From the above, it is obvious that in the use of grouping 
algorithms which involve some threshold value, the distribution of 
closeness and the measure to be used must be considered for fixing 
the value of the threshold limit for obtaining the desired (number 
of) groups. 

For the purpose of analyzing which measure involves the 
maximum pairs of parts for the grouping decisions, threshold 
values are chosen in such a way that for each of the measures the 
percentage occurrences beyond the corresponding threshold limit is 
the same. Such limits can be determined for each possible 
matching distributions from the cumulative frequency distribution 
curves shown in the Figures 2.1 to 2.10. 

For example, for the matching distribution being normal, the 

for RRC.J and RRCj., for CBS.j, 


threshold limits (T 
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for JSC.. and PSC . . ) on the values of the commonality measures 
for all possible combinations of the parameters of parts i and j 
forming a pair can be found from their respective cumulative 
distribution curves shown in the Figure 2.7. The limits for 
capturing 40% of the total occurrences (i.e. L = 0.4) for which 
the measure values are beyond their corresponding limits, are 
given below. 


Commonality Measure 

Threshold Value 

RRC.. 

0.541 

RRC-i 

0.541 

CBS.. 

1.059 

JSC-. 

0.268 

PSCi- 

0 . 400 


Fixing the threshold value in a manner discussed above, the 
investigations are carried out in the following ways. 

(i) Determining as for how rnarfy additional pairs of parts, either 
of the two RRCs for a pair of parts is greater than their 
corresponding threshold values 

(ii) Determining as for how many pairs of parts, the value of at 

least one of the two RRCs of a pair of parts is not less than 
the corresponding specified limit and that of a 


different measure less than the limit value, and vice versa. 


For the above purpose, again a simulation has been carried 
out considering 1,000,000 pairs of parts each for a different 
setting of threshold values of commonality measures obtained 
varying L from 0.1 to 0.9 in step of 0.1. 

For the case of RRC, in counting of occurrences beyond the 
specified limit those pairs are included for which the 
values of either of the two RRCs of the parts of a pair are 
greater than or equal to the specified limit. The results of the 
simulation are summarized in Figures 2.13 to 2.16. 

Figure 2.13 shows the number of additional pairs for RRC over 
the other commonality measures for which at least one of two RRCs 
of the parts of a pair is greater than or equal to The 
number of additional pairs encountered by RRC are almost the same 
for each distribution of matching requirements shown in the Table 
2.3, and also over each of the measures CBS, JSC and PSC. It is 
seen from this figure that the additional occurrences for RRC are 
maximum at L = 0.5. Similar results can also be found analyti- 
cally as described below. 

Let the threshold limits be decided to capture fraction x of 
the total occurrences (i.e. L = x) for which the values of the 
commonality measures are greater than or equal to their respective 
threshold values. Further, let the fraction of the total occurre- 
nces for which either of the two RRCs corresponding to the two 
parts of a pair is greater than or equal to be P. Since the 
two valves of RRCs are independent of each other, P can be 
expressed as: 

P = X + X - x.x. (2.41 ) 


PROPORTION OF CASES FOR WHICH 
THE VALUE OF A MEASURE THRESHOLD 
VALUE 



Aq paja^unoDue sasoo 
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Figure 2*13:ProporVion of Additional Pairs for which Atleast one 
of the RRC for a Pair of Parts is Not Less Than the 
Threshold Limit (='rppQ). 
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Figure 2-14-.proportion of the Cases Missed by One and Acknowledged 
by the Other Measure (Measures '• RRC and CBS). 
















































Therefore, the fraction of the additional cases encountered 
by RRC, denoted as D, will be: 

D = P - X. 

% 

In view of the equation (2.41), the above equation can be 
written as, 

D = X - x^. (2.42) 

. 2 

Since X is at most equal to one, (x-x ) will never be 

negative, and thus D will always be greater than or equal to zero. 
It implies that RRC as compared to the other measures will 
definitely encounter more cases. 

Further, on setting ^ = 0, x is found equal to 0.5. Since 

2 QX 

rN 

is less than zero at x = 0.5, D will be maximum at x = 0.5. 

dx^ 

That is, the number of additional cases for RRC will be maximum 
when the threshold values are set at L = 0.5. From the equation 

(2.42), it is obvious that D will be equal to zero if x is equal 

to zero or one. 

Further from the Figures 2.14, 2.15 and 2.16, it can be seen 
that the number of cases which are noticed by RRC but not by the 
other measures beyond their respective threshold values, are 
almost the same for each of the measures CBS, JSC and PSC, and 

this characteristic is the same for all the ten distributions 

considered for requirement matching. The number of such occur- 
rences are maximum for the value of L equal to and around 0.5. 
The number of such occurrences increases with the increase in L 
upto L = 0.5, and beyond this the number starts decreasing. 


It can further be observed that for the lower values of L, 
the number of occurrences encountered by the other measures but 
not by RRC is almost negligible. The number increases with the 
increase in value of L upto L = 0.8 and around. 

As discussed earlier, threshold values are normally kept 
somewhat large for the purpose of grouping. Since the higher 
values of threshold correspond to the lower values of L, it can be 
inferred from the observations made in the above paragraphs that 
beyond the respective threshold values RRC will capture large 
number of cases as what cannot be noticed by others, whereas the 
other measures will not observe such occurrences or at the best 
these will be negligibly small. 

2.7 NUMERICAL EXAMPLES 

To show the use of RRC and also its superiority over the 
measures ARC, CBS, JSC and PSC, some illustrative numerical 
examples are considered. For a valid and true comparison, the 
algorithm or the grouping methodology chosen should be having 
characteristic of adopting any of these commonality measures. The 
p-median formulation of the grouping problem proposed by Kusiak 
(1987) serves this purpose. The formulation of the grouping 
problem for the parts having only single process plan is given 
below. 


p-median Formulation: 


n 

E 


n 

E 


i=1 j=1 


®i,j 


Maximize 



Subject to: 


N 

E X . . r 1 i = 1 , . . . , N 

j=1 


N 

V 

Lj 

j=1 


^j , j 


P 


X 


i , j 




X . . = 0 or 1 
1 ,J 


i , j = 1 , . ■ . , N 


where 


N 

P 


s 


i , j 


, j 


total number of parts 
number of required groups 

commonality measure value for a pair of parts i and 
j (of part i with respect to part j in case of ARC 
and RRC) 

r 1 if part i is assigned to part family j 
1 0 otherwise 


Each of the examples shown in Figures 2.17 to 2.21 are 
formulated as p-median problem described above and are solved on 
DEC- 10 computer using mathematical programming software LINDO. 
The solutions obtained are listed in Tables 2.5 to 2.11. In the 
incidence matrices of the examples, ’X’ represents requirement of 
a machine by the corresponding part. 


Machine 


Part 

1 2 3 4 5 

XX X 

X X 

XX X 

XX X 

X X 

X X X 

X X 

XX X 

X 

XX X 

XX X 

XX X 

X X X 

X X 

XX X 


X X 


Figure 2.17: Example 2.1 (Seifoddini (1989c), original 
matrix is transposed). 


Table 2.5: Solution to Example 2.1 for p = 2. 


Number of Total CPU 
exceptional machines time 
elements required (sec) 


1.33 

1 .79 

1.72 

1.70 


25 1.35 


Commonality 

measure 

Part 

fami lies 

ARC 

{1 , 4} and {2, 3, 5} 

CBS 

{1 , 4} and {2, 3, 5} 

JSC 

{1 , 4} and {2, 3, 5} 

PSC 

{1, 4} and {2, 3, 5} 

RRC 

{ 1 , 4} and {2,3,5} 











Commonality 

measure 

Part 

fami lies 

Number of 
exceptional 
elements 

Total 
machines 
requi red 

CPU 

time 

(sec) 

ARC 

{1, 2, 3, 5, 9} and 
{4, 6, 7, 8} 

0 

15 

4.39 

CBS 

{1, 2, 3, 5, 9} and 
{4, 6, 7, 8} 

0 

15 

3.44 

JSC 

{1, 2, 3, 5, 6, 9} 
and {4, 7, 8} 

1 

16 

3.80 

PSC 

{1, 2, 3, 5, 6, 9} 
and {4, 7,8} 

1 

16 

3.89 

RRC 

{1 , 2, 3, 5, 9} and 
{4, 6, 7, 8} 

0 

15 

3.95 
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Figure 2.19: Example 2.3 


X X 
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Table 2.7: Solution to Example 2.2 for p = 3. 


Commonal ity 
measure 

Part 

fami lies 

Number of 
exceptional 
elements 

Total 

machines 

required 

CPU 
time 
(sec ) 

ARC 

{li 2, 5}, {3, 9} and 
{4, 6, 7, 8} 

0 

15 

3.84 

CBS 

{1, 2, 5}, {3, 9} and 
{4, 6, 7, 8} 

0 

15 

3.34 

JSC 

{1, 2) 5}, {3| 6> 9} 
and {4, 7, 8} 

1 

16 

3.34 

PSC 

{1, 2, 5}. {3, 6, 9} 
and {4, 7, 8} 

1 

16 

3.36 

RRC 

{1, 2, 5}, {3, 9} and 
{4. 6, 7, 8} 

0 

15 

3.42 


Table 2.8: Solution to Example 2.3 for p = 2. 


Commonality 

measure 

Part 

fami lies 

Number of 
exceptional 
elements 

Total 

machines 

required 

CPU 

time 

(sec) 

ARC 

{1, 2, 3, 6, 7, 8, 9, 

10, 11, 14, 16} and 
{4, 5, 12, 13, 15} 

16 

56 

18.13 

CBS 

{1,2, 4, 5, 6, 7, 8, 9, 
10, 14, 15, 16} and 
{3, 11, 12, 13} 

0 

43 

20.95 

JSC 

(1, 2, 7, 9, 10, 11, 13, 
14, 16} and 

{3, 4, 5, 6, 8, 12, 15} 

20 

60 

24.19 

PSC 

{1, 2, 3, 6, 7, 9, 10, 

11, 12, 13, 14, 16} 

' and (4, 5, 8, 15} 

13 

56 . 

27.56 

RRC 

(1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 14, 15, 16} and 
{11, 12, 13} 

0 

43 

35 . 06 






Part 


Machine 1 2 3 4 5 6 7 8 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


X X 

XX X 

X X 

X X 

X X 

X X 

X X 

X 

X X 

X X 

XXX 

X X 

X X 

X X 

X X 

X X 


X X 

X X 
X X 

X X 

X XX 
X X 

X 

X X 

X 

X X X 


X X 
X 

X X 
XXX 


Figure 2.20: Example 2.4 (Chandrashekharan and Rajagopalan 
(1986): original matrix is transposed). 


Table 2.9: Solution to Example 2.4 for p = 2. 


Commonal ity 
measure 

Part 

fami lies 

Number of 
exceptional 
elements 

Total 
machines 
requi red 

CPU 

time 

(sec) 

ARC 

{1 , 3, 6} and 
{2, 4, 5, 7, 8} 

10 

30 

2.92 

CBS 

{2, 4, 5, 6, 7, 8} 
and {1,3} 

5 

25 

5.33 

JSC 

(2, 4, 5, 6, 7, 8} 
and {1,3} | 

5 

25 

6.48 

PSC 

{2, 4, 5, 6, 7, 8} 
and {1, 3} 

5 

25 

6.55 

RRC 

{2, 4, 5, 6, 7, 8} 
and {1, 3} 

5 

25 

1 , 

3.36 










Part 


Machine 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


3 4 5 6 


8 



Figure 2.21: Example 2.5. 


Table 2.10: Solution to Example 2.5 for p = 2. 


Commonal i ty 
measure 

Part 

families 

Number of 
exceptional 
elements 

Total 
machines 
requi red 

CPU 

time 

(sec) 

ARC 

{1 , 2, 3, 4, 5} and 
{6, 7, 8, 9} 

3 

18 

4.25 

CBS 

{1 , 2, 4, 5} and 
{3, 6, 7, 8, 9} 

4 

18 

3.68 

JSC 

{1 , 2, 4, 5} and 
{3, 6, 7, 8, 9} 

! 

4 

18 

3.69 

PSC 

{1,2, 4, 5} and 
{3, 6, 7, 8, 9} 

4 

18 

5.83 

RRC 

{1 , 2, 3, 4, 5} and 
{6, 7, 8, 9} 

3 

18 

3.90 
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Table 2.11: Solution to Example 2.5 for p = 3. 


Commonality 

measure 

Part 
fami lies 

Number of 
exceptional 
elements 

Total 
machines 
requi red 

CPU 

time 

(sec) 

ARC 

{1, 2, 4, 5}, {3, 9} 
and {6, 7, 8} 

8 

20 

3.41 

CBS 

{1, 2, 4, 5}, {3, 9} 
and {6, 7, 8} 

8 

20 

3.99 

JSC 

{1, 2, 4, 5}, {3, 9} 
and {6, 7, 8} 

8 

20 

4.64 

PSC 

{1. 2, 4, 5}, {3, 9} 
and {6, 7, 8} 

8 

20 

4.17 

RRC 

{1, 2, 4, 5}, {3, 9} 
and {6, 7, 8} 

8 

20 

3.92 


Table 2.12: Solution to Example 2.5 for p = A 


Commonal i ty 
measure 

Part 

families 

Number of 
exceptional 
elements 

Total 
machines 
requi red 

CPU 
time 
( sec ) 

ARC 

{1, 2, 4}, {3, 9}, {5} 
and {6, 7, 8} 

10 

22 

3.57 

CBS 

{1}. {2, 4, 5}, {3, 9} 
and {6, 7, 8} 

12 

25 

4.24 

JSC 

{1}, {2, 4, 5}, {3, 9} 
and {6, 7, 8} 

12 

25 

7.11 

PSC 

{1}, {2, 4, 5}, {3, 9} 
and {6, 7, 8} 

12 

25 

4.12 

RRC 

{1, 2, 4, 5}. {3, 9}, 

{6, 7} and {8} 

10 

22 

t 

4.48 

i ' , 

1 
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In the Tables 2.5 to 2.12, ’total machines required’ 
represents the total number of machines needed for a completely 
disjoint cellular manufacturing, i.e. when all the required 
machines are assigned to each group of parts. However, for the 
purpose of computation of exceptional elements it is assumed that 
only one copy of each machine type is available and the machines 
are assigned to those part families that require them most. 

The solutions presented in the Tables 2.5 to 2.11 show that 
for RRC the requirements of duplicate machines and the number of 
exceptional elements are less than or equal to that for the other 
commonality measures. It can be seen from the Tables 2.5 and 2.11 
that the CPU time requirement for ARC as compared to that for the 
other measures is less when all result the same solution. It can 
also be observed that in case of CBS the requirements of machines 
and the number of exceptional elements are at most equal to that 
when the JSC or the PSC are used. 

Now the result obtained for Example 5 where two groups are to 
be formed, is analyzed to see as how the non-symmetric property of 
RRC compared to the symmetric property of the other measures helps 
in producing better results. It can be seen from the solution 
given in the Table 2.10 that the number of exceptional elements 
becomes 3 instead of 4 if part 3 is assigned to the group 
containing parts 1, 2, 4 and 5 instead of to the group of parts 6, 
7, 8 and 9. Removing part 3 from consideration though reduces the 
number of exceptional elements but does not make the two groups 
completely disjoint. However, when part 9 is also taken out from 
grouping consideration the disjoint groups of parts and machines 



i I .3 


are as given below. 

Part families : {i, 2 , 4 , 5}. and {6, 7, 8}. 

Machine cells : {1, 2, 3 , 4, 5, 6, 7, 8, 10, 11} and 

{14, 13, 14, 15). 


It can be seen from the incidence matrix shown in Figure 2.21 
and the solution given above that the parts 1 and 6 are the two 
dominant parts in the two respective groups with whom the machine 
requirements of the parts belonging to the same group are having 
complete matching. Now the parts 3 and 9 are to be assigned to 
the two groups such that the total number of duplicate machines 
and also of exceptional elements are minimized. 

From the relative requirement compatibility matrix shown in 
Figure 2.22, it can be observed that the RRC of the part 3 with 
respect to some other part is maximum for the part 1 (RRC = 

3 , I 

0.600). And, RRC and RRC are low as compared to RRC- 

y I * y , A 9 f Q 

Therefore, part 3 will stay with part 1 and part 9 with part 6. 
Such assignments are already shown to require the least number of 
additional machines and to have the minimum number of exceptional 
elements. 


3 



1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

1 . 000 

0.455 

0.273 

0.455 

0.364 

0.000 

0 . 000 

0.000 

0.091 

2 

1.000 

1 .000 

0.000 

0.600 

0.400 

0.000 

0.000 

0.000 

0.000 

3 

0.600 

0.000 

1 . 000 

0.200 

0.000 

0.400 

0.400 

0.200 

0.600 

4 

1 .000 

0.600 

0.200 

1 .000 

0.400 

0.000 

0.000 

0.000 

0.200 

5 

1 . 000 

0.500 

0.000 

0.500 

1 .000 

0.000 

0.000 

0.000 

0.000 

6 

0.000 

0.000 

0.500 

0.000 

0.000 

1 .000 

0.750 

0 . 500 

0.500 

7 

0.000 

0.000 

0 . 667 

0.000 

0.000 

1 . 000 

1.000 

0.667 

0.667 

8 

0.000 

0.000 

0.500 

0.000 

0.000 

1 .000 

1.000 

1.000 

0.500 

9 

0.333 

0.000 

1.000 

0.333 

0.000 

0.667 

0.667 

0.333 

1 .000 


Figure 2.22. Relative Requirement Compatibility Matrix [RRC. .] 
for Example 2.5. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

0 . 000 

1 • 45o 

“0.873 

“ i .455 


mmmm 

mimmm 


mmw’ZM 

2 

1 .455 

0.000 

0.000 

1 .200 

0 . 900 

0.000 

0.000 

0.000 

0 . 000 

3 

0.873 

0.000 

0.000 

0.400 

0.000 

0 . 900 

1.067 

0.700 

1 .600 

4 

1 .455 

1 .200 

0.400 

0.000 

0.900 

0.000 

0.000 

0.000 

0.533 

5 

1.364 

0.900 

0.000 

0.900 

0 . 000 

0 . 000 

0.000 

0.000 

0 . 000 

6 

0.000 

0.000 

0.900 

0.000 

0.000 

0.000 

1.750 

1 .500 

1.167 

7 

0.000 

0.000 

1.067 

0.000 

0.000 

1.750 

0.000 

1.667 

1 .333 

8 

0.000 

0.000 

0.700 

0 . 000 

0.000 

1 . 500 

1 .667 

0.000 

0.833 

9 

0.424 

0.000 

1.600 

0.533 

0.000 

1.167 

1.333 

0.833 

0.000 


Figure 2.23. Cell Bond Strength Matrix [CBS^^] for Example 2.5. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

0.000 

0.455 

0 . 1 64 

0.455 

0.364 

0.000 

0.000 

0.000 

0.030 

2 

0.455 

0.000 

0.000 

0.360 

0.200 

0.000 

0.000 

0.000 

0 . 000 

3 

0.164 

0.000 

0.000 

0.040 

0.000 

0 . 200 

0.267 

0.100 

0.600 

4 

0.455 

0.360 

0.040 

0.000 

0.200 

0.000 

0.000 

0.000 

0.067 

5 

0.364 

0.200 

0.000 

0.200 

0.000 

0 . 000 

0.000 

0.000 

0.000 

6 

0.000 

0.000 

0.200 

0.000 

0.000 

0.000 

0.750 

0.500 

0.333 

7 

0.000 

0.000 

0.267 

0 . 000 

0.000 

0.750 

0.000 

0.667 

0.444 

8 

0.000 

0.000 

0.100 

0.000 

0.000 

0.500 

0.667 

0.000 

0.167 

9 

0.030 

0.000 

0.600 

0.067 

0.000 

0.333 

0.444 

0.167 

0.000 

Figure 2 

.24. Product Type Similarity Coefficient 
for Example 2.5. 

Matrix 

[PSC^j] 



1 

2 

3 

4 

3 

5 

6 

7 

8 

9 

1 

"0:000 

0.453 

0.231 

0.455 

0.364 

o.OOO 

0.000 

O.oOO 

0.077 

2 

0.455 

0.000 

0.000 

0.429 

0.286 

0.000 

0.000 

0.000 

0.000 

3 

0.231 

0.000 

0.000 

0.111 

0.000 

0.286 

0.333 

0.167 

0.600 

4 

0.455 

0.429 

0.111 

0.000 

0.286 

0 . 000 

0.000 

0 . 000 

0.143 

5 

0.364 

0.286 

0.000 

0.286 

0.000 

0.000 

0.000 

0.000 

0.000 

6 

0 . 000 

0.000 

0.286 

0.000 

0.000 

0.000 

0.750 

0.500 

0.400 

7 

0.000 

0.000 

0.333 

0.000 

0.000 

0.750 

0.000 

0.667 

0.500 

8 

0 . 000 

0.000 

0.167 

0.000 

0.000 

0.500 

0.667 

0.000 

0.250 

9 

0.077 

0.000 

0.600 

0.143 

0.000 

0.400 

0.500 

0.250 

0.000 


Figure 2.25. Jaccard’s Similarity Coefficient Matrix [JSC^^] 
for Example 2.5. 
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Further, from the values of CBS, JSC, and PSC given in the 
Figures 2.23, 2.24 and 2.25, it can be noticed that the parts 3 
and 9 are closest to part 1 in the first group (having parts 1, 2, 
4, and 5) and that with part 7 in the second group (having parts 
6, 7 and 8). In addition, the values of these measures showing 
the amount of closeness between parts 3 and 7 are higher as 
compared to their respective values for the pair of part 3 and 1. 
The same holds true for the pair of parts 9 and 7 over the other 
pair of parts 9 and 1. Thus, for the objective of maximizing the 
total similarity, parts 3 and 9 should be assigned to the second 
group. It is this reason because of which the use of the other 
measures assigns parts 3 and 9 to the group of parts 6, 7 and 8, 
and requires more number of duplicate machines for perfect 
grouping. 

In the preceding paragraph, it has been seen as how the value 
of RRC, . helps regarding the assignment of the part 3 to the 
group of part 1 . Next, it is discussed as how the other value of 
RRC, i.e. RRC^ 2 decides grouping. 

Let the two part families be {2, 4, 5} and {3, 6, 7, 8, 9}. 
Since RRC ^2 less as compared to RRC ^2 part 1 

instead of being assigned to the group of part 3 will be placed in 
the group of parts 2 and 4. Now the part 1 will attract part 3 
for placement in the same group along with parts 2, 4 and 5 
because RRC of part 3 is maximum with respect to part 1 . This 
finally results the best possible grouping. 

2.8 SUMMARY AND CONCLUSIONS 

This chapter presents two new measures of commonality for GT 
applications for general and flexible production situations, such 


as FMS, where parts can have alternative process plans, and two or 
more operations in a process plan may require machines of the same 
type and capability. The two measures, termed as Relative 
Requirement Compatibility (RRC) and Absolute Requirement 
Compatibility (ARC), are defined on the bases of processing 
times, the number of the operations, and the number of the machine 
and\or tool types required for processing the operations in 
various process plans. 

The mathematical relation of the relative requirement 
compatibility with other commonality measures, such as, Jaccard’s 
similarity coefficient (JSC), product type similarity coefficient 
(PSC) and cell bond strength (CBS), are established. The relative 
requirement compatibility, based on these relations, is reported 
to possess better discriminating characteristic. The illustra- 
tions presented confirm this observation and show the better 
discriminating characteristic of the relative requirement 
compatibility compared to that of the simple matching similarity 
coefficient. Several numerical examples solved using p-median 
approach of Kusiak (1987) show that the relative requirement 
compatibility does provide better results. 

An analysis performed on the values of these commonality 
measures shows their comparative discriminating power and provides 
an insight for the determination of the threshold value for each 
of the commonality measures which are needed by certain grouping 
algorithms and methodologies. 

For a generalized case when there is a limit on the total 
number of groups and also on the number of parts and machines 
which can be assigned to a group, the consideration of the 
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absolute requirement compatibility along with relative requirement 
compatibility can be of great help. 



CHAPTER III 


Generalized Grouping Problems: Basic Problem 

AS A P-MEDIAN PROBLEM 

3.1 INTRODUCTION 

The advantages of GT concepts have been attributed to the 
decisions both at the system design level as well as at the 
operations level. At the design level decisions are taken for the 
determination of the number and types of machines and their 
layout, selection of material handling system, etc. , and at the 
operational for loading, scheduling etc.. 

The present chapter focuses on the grouping problem related 
to the effective utilization of the machines in the context of 
cellular manufacturing system. The effective machine utilization 
is achieved by classifying parts and machines into various groups 
to yield maximum total similarity. In addition, the problem of 
determining the number of machines of each type to be procured at 
a minimum investment is also considered. 

Certain factors related to the system and its configuration, 
such as, the total number of groups, the total number of machines 
of each type and their capacities, and the limits on the number of 
machines and parts in a group are considered to act as the 
constraints for these problems. These constraints, in general, 
tend to drive the grouping solution away from the perfect group 
formation in which the groups are disjoint and parts do not have 
to move to any other group. The succeeding paragraphs present 
some discussions on these constraints. 



t i ^ 


The const raiiTt on the total number of groups to be formed is 
important not only from the operational viewpoint, but also from 
the organizational perspective. The number of groups influences 
intra and intercell movements, work load distribution on the 
machines and the size of the groups. A small number of groups 
would usually result in higher intracell movement but lower 
intercell movement, and into relatively large group size. A large 
number of groups would, obviously, have opposite effects. 

The consideration of the limit on the total number of 
machines becomes an important factor while designing a new 
production system or appending some additional machines into 
existing one from the viewpoint of total investment, space 
requirement, material handing system (e.g., AGVs, tow carts, 
conveyors, etc.) and their layout. 

Provision of more than one copy of the same machine and their 
proper distribution among groups makes the group of machines 
(called as machine cells) organizationally and operationally more 
independent, and reduces intercell movements. The consideration 
of the constraint on number of machines of each type, therefore, 
would help in judicious assignment of the machines to the cells. 

The constraint, on the maximum number of machines which can 
be assigned to a group, prevents the machine cells to grow beyond 
a reasonable limit. Assigning too many machines to a cell may not 
result the desired benefits of GT and even the intracell movement 
may become significant. On the other hand, machine cells with 
very few machines would involve enormous intercell movements and 
thus may not be economical, and at the same time may lead to 
certain organizational problems. Thus, for effective resource 



utilization, both upper and lower limits on the number of machines 
in a cell need to be considered. For the similar reasons, the 
consideration of limits on the minimum and the maximum number of 
parts that can be assigned to a group becomes necessary. A large 
number of parts when assigned to a group may cause route 
congestions and too few may result into under utilization of the 
resources. 

The machine capacity, in general, is not so relevant to the 
problem of grouping based on the technological relationship of 
parts and machines, but helps in determining the number of 
machines of each type and thus their total number. However, its 
consideration becomes important for those grouping situations 
where parts have alternative process plans or when the production 
system has versatile machines such as in Flexible Manufacturing 
Systems (FMS). 

In the traditional simple grouping problem, an operation of a 
part can be performed on only one machine type. For these 
grouping problems normally the situations where the two parts 
though not quite close to each other in terms of their total 
machine requirements but requiring some common machines, restrict 
the formation of perfect groups and result intercell movements. 
Of course, improvements towards perfect grouping are possible by 
merging together the related groups or by assigning such common 
machines to each concerned group. 

In the manufacturing systems, such as FMS, where an operation 
of a part may be performed on more than one machine type, or where 
a machine can perform more than one operation type, the parts will 
have more than one process plan. For such cases, it is possible 


to obtain solution closer to perfect grouping as compared to the 
case of parts having single process plan. This is so because most 
of the requirements of a part can be satisfied in the same group 
(i) due to versatility of the machines and also (ii) by selecting 
some suitable process plan out of the several alternatives. The 
objective of obtaining perfect grouping may, however, be impeded 
by the capacity of the machines. Nevertheless, the machine 
capacity consideration leads to the determination of process plans 
(each for a different part) in a manner such that the processing 
load on each machine does not exceed the available capacity. 
Further, the chosen process plans can be used to directly identify 
the machines required for processing the operations of the various 
parts. Thus, the generalized grouping problems with capacity 
consideration would provide solutions feasible even to the machine 
loading problems. 

It may be noted that the machine capacity constraints play no 
role in forming the groups in case of the simple grouping. 

From the above, it is evident that the input required for the 
simple grouping consists of a part machine matrix showing the 
requirement of machines by parts, whereas in case of the 
generalized grouping, additional information on processing time 
requirement and the machine capacity are also needed. 

The solution methodologies available for simple grouping 
problem can broadly be categorized in two classes: one in which 
the groups of parts and machines are determined hierarchically, 
and the other in which the groups are formed simultaneously. The 
procedures developed for these methodologies have been either 
optimization, or some kind of heuristics exploiting certain 


aspects of the problem. Details of these approaches are given by 
King and Nakornchai (1982), Waghodekar and Sahu (1984), and 
Ballakur and Studel (1987). 

The generalized grouping problem has attracted relatively 
less attention from the researchers. Kusiak (1987) has formulated 
the problem as a modified p-median problem. The problem has been 
modeled as a generalized assignment problem by Shtub (1989). In 
both of the cases, though the approaches are different, solution 
obtained may remain the same. 

In the present chapter, the formulations proposed by Kusiak 
(1987) and Shtub (1989) have been reviewed and improved in terms 
of the number of constraints and variables. Improvements to the 
Kusiak’s model reduce the required number of constraints, whereas 
in case of Shtub’s model, improvements reduce both the required 
number of variables and constraints. In addition, the generalized 
grouping problem has been considered with several extensions and 
generalizations over the previous models incorporating versatility 
and capacity of the machines, flexibility for the operations and 
disjointedness of groups. 

In the objective function of the proposed models, the 
relative requirement compatibility (RRC) is incorporated as a 
measure of commonality instead of the measure used by Kusiak and 
Shtub. The measure RRC as discussed in the Chapter II is more 
generalized and is shown to provide better grouping solutions. 

In Section 3.2, formulations proposed by Kusiak (1987) and 
Shtub (1989) are presented, and the related observations regarding 
the grouping approach, the formulation and the input are described 
in Section 3.3. Based on these observations, improvements are 
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brought in the two formulations and are given in Section 3.4. 
Section 3.5 contains the extensions of the grouping problem with 
their mathematical models. In Section 3.6, a heuristic approach 
for solving some grouping problems is presented. In Section 3.7, 
the models developed in Section 3.5 are illustrated with the help 
of numerical examples and the sensitivity of various constraints 
on the grouping solution is studied. Conclusions and summary of 
the work are presented in Section 3.8. 

3.2 THE FORMULATIONS OF KUSIAK AND SHTUB 

The grouping problem formulated by Kusiak (1987) and Shtub 
(1989) takes into consideration parts with the alternative process 
plans. The input, providing details of the problem, is a two 
dimensional (0-1) matrix showing the requirement of machines by 
various process plans. The objective is to form groups of the 
process plans such that the total similarity defined in some 
suitable manner is maximized, and only one process plans from the 
several alternatives of a part is selected in the group formation. 
These formulations require the desired number of process families 
to be prespecified. 

The formulations of the problem given by Kusiak (1987) and 
Shtub (1989) are discussed first, and certain observations on the 
formulation and the problem structure are made to provide 
motivations for suitable modifications as well as for developing 
some models incorporating additional features of the grouping 
problem. 

For presentation of the formulation, the following notations 
and definitions are used. 


Indices 
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i,j : process plans 

■># ^ 

n : part 
in : machine 

Parameters 

M = the total number of machines 

N = the total number of parts 

p = the total number of required process families 

q = the total number of process plans over all parts 

= set of process plans for part n 

^1 if process plan i requires machine m 

a ■ =1 

1 ,rn 

0 otherwise 

Derived Parameter 

s. . = similarity between process plans i and j 

The value of s . . represents the sum of the number of machines 
common to plans i and j and the number of machines not required by 
both of the plans. The elements of the similarity coefficient 
matrix [s..] are computed as follows. 

( i ) Similarity between two process plans of different parts 

®ij= J, V i € F„,: V J € n. * n=. and 

ni, n2=1,...,N (3.1) 

( i i ) Simi laritv between two process plans iif tb^. SSJM Part 
s. . = - <x> 1 / j; i,j e and 

■ r J ■ 


n “ 1 » . « . J 


N 


(3.2) 


I CD 


(■>■'■') § a r i t y of a process plan with itself 

®i j - ^ 1 = j ; i , j e and 

n = 1 , . . . , N (3.3) 

Metric 

r 1 if c = d 

5(C, d) = -I 

[ 0 otherwise 

Decision Variables 

A process family is identified by the index of one of its 
member process plans. The p required process families, therefore, 
will assume their indices from the range 1 to q. 

For i, j = 1, ..., q, the following decision variable is 

defined: 



if process plan 
family j 


0 otherwise 


belongs to process 


It may be noted that for the formation of p number of process 
families, the relation, p ^ N ^ q, must hold. 


3.2.1 Kusiak’s Formulation 

The generalized grouping problem formulated by Kusiak (1987) 
as a 0-1 integer programming problem is presented briefly. The 
model is denoted as M3.1 for further references and discussions. 


MODEL M 3.1 


OBJECTIVE FUNCTION: 






i=1 j = 1 



Maximize 


(3.4) 


CONSTRAINTS: 


( i ) Selection of only one process plan for a part 


^ ? X = 1 

i€F^ j=1 


n = 1 , . . , N 


(3.5) 


( i i ) Formation of required number of 


? = p 


jSi 


(3.6) 


( i i i ) Assignment of process 


^ij ^ 


i — 

j — 15.. .jQ 


(3.7) 


(iv) Decision vari ables 


X . . = 0 or 1 

ij 


i I j = 1 » • • • I Q 


(3.8) 


As mentioned earlier, a process family is identified by the 

index of one of its member process plans, and thus a process 

family j must include the process plan j, i.e. x.. = 1. Further, 

for the requirement of forming p process families, the expression 

f X.. must also be equal to p. Therefore, from the definition 
j = 1 

of X . . and the structure of the objective function, the similarity 
ij 

coefficient matrix [s..] can be viewed as an assignment matrix 

along the diagonal of which p assignments must take place (i.e. 

f x.. = 0 ). The rows (with index i) represent the candidate 
j=1 

process plans, while the columns (with index j) represent the 


process fami lies. 
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3.2.2 Shtub’s Formulation 

The grouping problem has been formulated as a generalized 
assignment problem (GAP) by Shtub (1989). The structure of GAP 
relevant to the present problem as described by him, is as 
follows: 


Minimize V V c . . x.. 
i€l jej 

Subject to 



Y 

iu 

iel 



X . . i b . 
1J J 


V j e j 


E Xii = 1 V i € I 

jeJ 


where x.. is the decision variable assuming the value equal to one 

if task i is assigned to agent j, and zero otherwise. Such an 

assignment is associated with cost c^^ and requires resource of 

amount Tj ^ . The total cost of assignment is to be minimized while 

ensuring that the total resource consumption of agent j is within 

the given limits of a . and b., and a task is assigned to only one 

J J 

agent. 

The formulation of GAP has been represented by Shtub in an 
equivalent form of a matrix as shown in Figure 3.1, and that of 
the generalized grouping using the basic structure of GAP as shown 
in Figure 3.2. The two entries, one at the left upper corner and 
the other at the right bottom, appearing in each of the cell of 
the matrix represent the values for similarity and the resource 
requirement, respectively. In this matrix, the columns are taken 
to represent the task (process plan) and the rows as agents 




( process f ami ly ) . The problem can now be viewed as the assignment 
of process plans to process families such that the total of 
negative similarity is minimized. 



J 


Figure 3 . 1 : The Table Representation of GAP. 


The mathematical formulation corresponding to the matrix i 
representation of GAP, as shown in Figure 3.2, requires th€ 
following additional 0-1 variables: 

’’ 0 if some process plan of part n represents | 
a process family 

^n = 


1 otherwise 



Figure 3.2: Matrix Representation of the Generalized Grouping 
Problem Formulated as GAP by Shtub (1989) (* in a 
cell corresponds to Rjj = “® and Hit = ®). 





S 


''n = ' ■ “n- ’■®- 


V = 

n 


1 if some process plan of part n represents 
a process family 

^ 0 otherwise 


= 


0 if process plan j also represents process 
family 

^ 1 otherwise 


z.= 1-y.,i.e. 

J J 




1 if process plan j also represents process 
family 

( 0 otherwise 


Wi = 


f 1 if process plan i is not assigned to any 
process family 

0 otherwise 


In the definitions given above, is complimentary to v^ and 

y. to 2 .. Further, it can be seen that the above variables and 
J J 

X.. are related in the following manner, 
ij 

Vn = 1 ^ Xjj = 1 for some j ^ 


and 


V = 0 « X . . = 0 for all j s f . 
n JJ n 




'^i 


= 1 « 


j = 1 




= 0 


and 


'^i 


= 0 » 


q 

V 

la 

j=i 


ij 


= 1 


The model obtained after translating the objective function 
and the constraints of Figure 3.2 is denoted as M2 for further 
discussions and is presented below. 


MODEL M3^2 
OBJECTIVE FUNCTION: 


q q .. 

Minimize s . . x.. 

i = 1 j=1 

The similarity coefficients s . . in the objective function 
expression are similar to s.. of the model M3.1 and also shown ii 

the matrix of the Figure 3.2. The two similarity coefficients s. 

* ■» 

and s. . are related as, 
ij 


®jj = j = ' 

where L > max (s..). 

i , j ^ 

The formulation to be presented considers the GAP as a 
maximization problem, hence the negative of s.. , i.e. s • . will be 

1 J i U 

used in the objective function. The objective function is thus 
written as: 


Maxi mi ze 




i = 1 


j=1 

jti 


IJ u 


+ L 


j = 1 


JJ 


(3.9) 


The objective function in the matrix (Figure 3.2) is read 
over the entries corresponding to the rows 1 to q and the columns 


1 to q as the entries of similarity coefficients elsewhere have 
the values equal to zero. 

CONSTRAINTS: 

( i ) Sslgctipn of only one p rocess pi an for a part 

The constraint of one and only one process plan of a part to 
be included in the group formation is viewed in the matrix 
structure of Figure 3.2 as an equivalent constraint that the 
number of process plans of this part not to be included in the 
process families should be equal to |f ! - 1. This constraint 
corresponds to rows (q + N + 2) to (q + 2N + 1 ) and can be 
represented as: 



The constraint that exactly p process families be formed is 
represented by the row (q + N + 1), and is: 


^ I 

n = 1 


^n 


P 


i p. 


(3.12) 
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( i i i ) Assignment of process plans to groups 

To a process family, the number of plans which can get 
assigned varies from 0 to N. This is represented by the rows 1 to 
q of the matrix and is written as: 


0^1 


i = 1 


ij 


Nyj 


i N 


j = 1, 


(3.13) 


In case when the number of process plans assigned to a 
process family j is zero, then plan j does not represent a process 
family. On the other hand, if the number of process plans 
assigned to a process family j is at least one, then plan j 
represents process family j. This aspect is represented by the 
columns (q + 1) to (2q) and can be stated as: 

y.+z.=1 j=1,...,q. (3.14) 

3 3 

The constraint that a process plan j chosen to represent a 
process family belongs to a part n, and only one plan of part n at 
most can represent a process family, is represented by the rows 
(q + 1) to (q + N) and is written as: 


0^5] Zi + u 1 n = 1,..., N. (3.15) 

j€Fn ^ 

Further, a part through some of its process plan, may or may 
not represent a process family. This is given by colymns (2q + 1) 
to (2q + N) and is written as: 

u + v = 1 n=^1,-..f N. (3. 16) 

n n 



Table 3.1: Model M3. 2 and Shtub’s Matrix Representation 
of Generalized Grouping Prdblem. 


Model M3. 2 


Shtub’s Matrix (Figure 3.2) 


Rows 


Columns 


From To From To 


Objective Function 

(3.9) 1 q 1 q 

Constraints 

(a) Selection of only one 
process plan for a part 

(3.10) 

(3.11) 

(b) Formation of required 
number of groups 

(3.12) q+N+1 q+N+1 

(c) Assignment of process 
plans to groups 

(3.13) 1 q - - 

(3.14) - - q+1 2q 

(3.15) q+1 q+N 

(3.16) 


q+N+2 


q+2N+1 


2q+1 


2q+N 



ICJO 


(iv) Decision variables 


X . . 
IJ 

= 0 

or 1 

i . j 

= 1, .. 

■ . q 


“n- ''n 

= 0 

or 1 

n = 

1 J » • * ) 

N 


^y "j 

= 0 

or 1 

j = 

t J m • m f 

q. 

(3.17) 


Table 3.1 summarizes as how the objective function and the 
constraints given above are to be read over the matrix shown in 
Figure 3.2. 

3.3 OBSERVATIONS ON THE FORMULATIONS OF KUSIAK AND SHTUB 

In this section, certain observations are made on the models 
M3.1 and M3. 2 regarding the approach for the formation of groups 
of parts and machines, the problem formulation and the inputs 
required. The observations are analyzed and limitations are also 
discussed. The consequent modifications and improvements are 
presented in the subsequent sections. 

For a better understanding of the related issues, the 
observations are presented in the order of: grouping approach, 
formulation and the input requirements. 

3.3.1 Grouping Approach 

The solutions to the grouping provided by the models M3.1 and 
M3 . 2 are the groups of the process plans where each plan included 
in the group corresponds to a different part. The machine cells 
are to be determined thereafter. Thus, the models resume hierar- 
chical approach for the grouping of parts and machines. 

The machine cells can be determined by first assigning the 
machines to the process families that require those machines 
exclusively. A machine required by more than one process family 



can be assigned one each to these families if sufficient copies 
are available. In case of limited number of copies, the machines 
can be assigned to the families that require the machine most in 
terms of the number of process plans using it. In this case, the 
groups will not be disjoint and the intercell movements will occur. 
The movements, of course, can be avoided by providing additional 
copies of such machines to the families requiring it. 

3.3.2 Formulation 

The discussions on the formulations of the models M3.1 and 
M3. 2 are made with respect to the similarity coefficients used in 
the objective function and the constraint related to the process 
plan assignment. The importance of the machine capacity is also 
discussed from the view point of generalized grouping although it 
is not originally incorporated in the models of Kusiak and Shtub. 

3.3.2. 1 GROUP DISJOINTEDNESS 

The nature of the objective function and the constraints used 
in the two models do not guide the selection of the process plans 
with the view of forming groups having minimum exceptional 
elements. 

To illustrate the above, let us consider an example (Example 
3.1) with the data as given in Table 3.2. 

The optimal solution has the objective function value equal 
to 10, and the following process families: 

Process family 1 = {1i 4} 
and Process family 2 = {6, 9}. 

The corresponding part families, therefore, will be: 

Part family 1 = {1, 2} 
and Part family 2 = {3, 4} . 
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Table 3.2: Data For Example 3.1. 



M = 5; N = 4; 

P 

= 2; q = 

9 



Alternative 


Machine 

Type 


Part (n) 

Process Plan 

— 





(1 € F^, 

1 

2 3 

4 

5 

1 

1 

1 

1 1 

1 



2 

1 

1 1 




3 


1 1 



2 

4 

1 

1 1 

1 



5 

1 

1 



3 

6 


1 

1 

1 


7 



1 

1 

4 

8 




1 


9 


1 

1 

1 


Further, the corresponding machine cells on assigning all the 
machines required by the process (or part) families, will be: 

Machine cell 1={1,2,3, 4} 
and Machine cell 2 = {3, 4, 5}. 

It is obvious that the two machine cells given above will 
require two copies of the machine types 3 and 4 for the perfect 
grouping. In case when only one copy of each of these machines is 
available, then by assigning the machines according to the 
requirement, the machine cells will be: {1, 2, 3, 4} and {5}, or 
{1, 2} and {3, 4, 5}. In these two cases, the machine cells are 
not disjoint and intercell movement will occur. 

An interesting observation about the above example can be 
made regarding the objective function value and the group 
formation. Keeping the part families as the same as given by the 


models, but choosing somewhat different process plans to form some 


different 

process 

families such 

as {2, 

5} 

and 

{7, 

8}, 

the 

resulting 

machine 

cells will be 

{1, 2, 

3} 

and 

{4. 

5}. 

This 


solution provides disjoint groups and requires only one copy of 
each machine, but has the value of the objective function as 8. 
This leads to the conclusion that the objective functions in the 
models M3.1 and M3. 2 do not adequately take into consideration the 
issues of assignment of the machines and disjointedness of the 
groups, and thus the relevance of such objective function for 
grouping problem needs to be investigated. 

3. 3. 2. 2 COMPUTATION OF SIMILARITY 
Similarity of a process plan with itself 

The similarity coefficients of process plans with themselves 
appear as diagonal entries s_ in similarity coefficient matrix 
[s..], and as per the definition given in the equation (3.3) 
are zero. Therefore, the assignments made along the diagonal 
(x . . = 1) will not contribute anything towards the objective 
function value of the model M3.1. 

\ 

Moreover, from the equation (3.6), that requires exactly p 

assignments to be made along the diagonal, it can be seen that as 

long as the diagonal entries have the same value (even other than 

zero), the grouping solution will remain the same. 

However, for the model M3. 2, the similarity coefficients L in 

the diagonal must be greater than max (s. . ) to ensure that p 

i. j ^ 

assignments are made along the diagonal of the similarity 


coefficient matrix. 



Sirn1 lari'ty between two different process pl ans of the same part 

For the pairs of two different process plans of the same 
part, the values of the similarity coefficient, as given by the 
equation (3.2), are -®. The constraint (3.5) of the model M3.1 
and the constraints (3.10) and (3.11) of the model M3. 2 ensure 
that only one process plan from the several alternatives is 
selected. Therefore, the similarity coefficient for the pairs of 
different process plans of the same part can be allowed to assume 
different values without affecting the optimal solution. Hence, 
for such process plans the similarity coefficients can be 
determined using the equation (3.1) meant for the pair of process 
plans of two different parts. However, assignment of -® value to 
the similarity between such pairs of the process plans will lead 
to a faster convergence towa iS optimal solution. 

3. 3. 2. 3 PROCESS PLAN ASSIGNMENT CONSTRAINT 

As mentioned earlier, the number of assignments along the 
diagonal of the similarity coefficient matrix [s..] is equal to p. 
Thus, the remaining (N-p) assignments have to be made correspond- 
ing to some non-diagonal elements of the matrix in a manner such 
that these (N-p) assignments appear in only those p columns (in 
model M3. 1) or p rows (in model M3. 2) that represent the process 
families and have assignments at their cells corresponding to the 
diagonal of the matrix. These observations can be used to 
simplify the process plan assignment constraint (3.7) of the model 
M3. 1, and the constraints (3.12), (3.15) and (3.16) of M2. The 

reformulations of the models M3.1 and M3. 2 after simplifying the 
respective constraints are presented in Section 3.4. 
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3. 3. 2. 4 CONSIDERATION OF MACHINE CAPACITY 

The capacities of the machines and the processing times of 
the operations of the various parts are not considered in the 
models M3.1 and M3. 2 while deciding the groups of process plans. 

In the generalized case, the optimal grouping selects for 
each part a single process plan from their alternatives. The 
plans thus included in the groups provide the details of the 
machines to be used for processing operations of the various 
parts. The total processing requirement on some machines which 
are to be used for performing the operations of these selected 
process plans, may become more than their available capacities. 
To overcome this, the easiest but expensive option of increasing 
the number of such machines can be adopted. However, the addition 
of the extra copies of the achines may hopefully be avoided by 
selecting certain other process plans for some parts so that the 
total load on all the machines is within their capacities. This 
may change the group formation^ and also the objective function 
value given by the expression (3.4). 

In view of the above, it seems desirable to include machine 
capacity as one of the constraints in the generalized grouping 
problem. This, of course, would require additional inputs regard- 
ing the processing times of the operations and the capacity of the 
machines. A formulation considering the machine capacity is 
attempted in Section 3.5. 

3.3.3 Input Requirement 

The matrix [a. 1 is the key input to the models M3. 1 and 
• im 

M3.2. It needs a closer look as how the information related to 
the operations and the number o-^ identical machines are incorpor- 



a'ted into the inodels M3.1 and M3. 2. The discussions related to 
the input requirement are made in the folTowing subsections. 

3.3.3. 1 OPERATION AGGREGATION 

The process plan machine matrix [a. 3. used as input in the 

im 

model, simply accounts for the use of a machine by a process plan 

irrespective of the number of operations requiring it and the 

sequence in which the machine is used. Thus, each of the process 

plans shows simply an aggregated requirement of the corresponding 

part on the various types of machines. 

In many practical situations, it can be commonly seen that 

the various operations of a part although requiring the same 

machine may differ from each other because of the requirements of 

different tools, jigs, fixtures, pallets or cutting parameters. A 

process plan containing these kind of details usually considers 

such operations to be different. Under these situations, the 

measure of commonality s.. used in the models M3.1 and M3. 2, and 

ij 

computed based on the aggregated input information, will not 
suffice. However, the problem of finding process families can be 
handled by the same models using in the objective function the 
relative requirement compatibility (RRC) as a measure of commonal- 
ity. RRC, in its definition (given in detail in the Chapter II) 
uses explicitly the information about the number of operations in 
a process plan requiring common machines. 

3. 3. 3. 2 AGGREGATION OF MULTIPLE COPIES OF A MACHINE TYPE 

In the incidence matrix [a. 3, the machines apparently are 

im 

assumed to be of different types. The multiple copies of a 
machine type, if exist, can be interpreted to have been accounted 
for by representing them by a single machine of the same type. 


Further, it is not uncommon to see on shop floors various 
technologically identical machines having the same or sometimes 
even the different capacity. Modeling the grouping problem by 
aggregating the multiple copies of the identical machines is 
equivalent to developing a model considering a single composite 
machine of the same type with capacity equal to the sum of the 
capacity of these individual machines. The models M3.1 and M3. 2 
can be interpreted to have accounted for the multiple copies of 
the same type in the above manner. The consequences of such 
aggregation of the machines on the grouping solution, given by 
these models, will be discussed latter in Section 3.5. 

3.4 IMPROVEMENTS IN THE FORMULATIONS OF KUSIAK AND SHTUB 

Based on the observations made in the Section 3.3, this 
section presents improvements over the formulations of Kusiak and 
Shtub. The improvements are mostly in terms of the reduced number 
of constraints and decision variables. 

3.4.1 Improvements in Kusiak ’s Formulation 

In view of the observations made in the Section 3. 3. 2. 3, a 
simplification of the process plan assignment constraint is 
presented. 

As observed that besides having p assignments along the 
diagonal of similarity coefficient matrix, the remaining (N-p) 
assignments are to be made in nondiagonal cells corresponding to 
those columns of the matrix which have assignments in the diagonal 
cells. These observations can be described by the following 
constraints. 

The total nondiagonal assignments being equal to (N-p) is 



1 


stated as; 


(a) 


^ ? X. . = 


i=1 j=1 


TJ 


n - p. 


(3.18) 


At least one assignment to a process plan j ensures that the 
index j does represent a process family, and vice versa. These 
are stated as: 


(b) 


? X..., 

^ ^ij ^ 


1 = 1 


^ =<jj = ’ 


j — 1, ..., 0 


and 

(c) 


Xjj = ” 


f X.. i 1 


i = 1 




j — 1, ..., Qi 


The last two constraints are equivalent to the following two 
dichotomies. 


(b’) 

and 

(c’) 


? X.. < 1 

i = 1 


or X.. = 1 or both 

w U 


j = 1 , . . . , q 


Xjj ^ 




" IJ 


X . . i 1 or both 


i = 1 


J — 1, ..., q. 

The above dichotomies can also be written as: 


(b") 


and 


I Xij 

i = 1 


^ 0 or X . . = 1 or both 

w w 


j = 1 1 . . • > q 


(c") X.. i 0 or I X.. ^ 1 or both 




JJ 


i=1 


ij 


j = i 


f • • • » 


(3.19) 


(3.20) 





The above dichotomies can be further rewritten in the usual 
form of the constraints according to the scheme given by Garfinkel 
and Nemhauser (1972). It has been shown by them that a dichotomy, 
f(x) ^ 0 or g(x) ^ 0 or both, can be written as: 

f(x) i Of 
g(x) ^ (1 - ©)g 

where ^ is a 0-1 variable, f is an upper bound on the value of 
f(x), and g is a lower bound on the value of g(x). 


As mentioned earlier, out of the q process families, only the 

p process families will have some process plans assigned to them, 

and remaining (q - p) families will have no assignments. Thus, to 

r 'x 

a process family either no assignment takes place or all |^N-(p-1)J^ 

process plans, each corresponding to different parts, get 

• ^ 

assigned. In case of no assignment to process plan j, I, x^ 

will 
assi 


i = 1 


TJ 


be equal to zero. And, for the case of the maximum 

r > 


ignment to process plan j, J] x^j will be equal to i^N-(p-1)|^. 


Therefore, the lower and upper bounds on the values of 


i=1 




will be zero and (N-p+1), respectively. The respective lower and 

upper bounds for x. ., as predefined, are zero and one. Based on 

^ J 

this information on the bounds and the method of breaking 
dichotomy into usual form of constraints as described earlier, the 
dichotomy (3.19) can be written as: 


E X. . i (N - p + DPj 


i = 1 


Xjj - ’ " <- - '’o' 


j — If •••> Q 
j = i, ... , q 


(3.21) 

(3.22) 



I 


where Pj e {0, 1} j = 1, .... q. 

The above two constraints are equivalent to the following. 


X X. . i (N - p + DP s (N - p + Dx.. 

1 = 1 J JJ 

0 — 1. .... q 

The above inequalities can be reduced to 


I X. . ^ (N - p + i)x.. 
1 = 1 ''' JJ 


j — 1. .... q 


(3.23) 


It can be seen that the number of the constraints in the 
expression (3.23) is less as compared to that given in the 
expressions (3.21) and (3.22) which are obtained after breaking 
the dichotomy (3.19). Further, the constraint (3.23) is free of 
the variable p.. 

Similarly, the dichotomy (3.20) can finally be simplified to: 




j = 1 , 


, q- 


The above constraint is equivalent to the following. 


E X . ■ ^ 0 j = 1 , . . . , q 

i = 1 
i?^j 

The above constraint is a trivial constraint and thus need 
not be considered. Further, the constraint (3.18) in view of the 
constraints (3.5) and (3.6) is also not considered. Therefore, 
the constraint (3.7), related to the assignment of process plans 
to the process families, can be substituted by the constraint 
(3.23). 



The improved formulation (to be referred to as model M3. 3) is 
given below. 


MODEL M3. 3 


g g 


Maximize I I s .x. 
i=1j=1 

Subject to (3.5), (3.6), (3.23) and (3.8). 

Table 3.3 presents the details related to the number of 
variables and constraints used by the models M3.1, M3. 2 and M3. 3, 
and also by the model M3. 4 that will be described later. From the 
table, it can be seen that for all practical grouping problems, 
the number of constraints in the model M3. 2 will be less as 
compared to that of M3.1. However, the number of the decision 
variables will always be more. The model M3. 3, requires the least 


Table 3.3: Number of Constraints and Variables for 
Different Models. 


1 . Number of constraints : 

(a) with alternative 
process plans 

(b) without alternative 
process plans 

2. Number of variables : 

(a) with alternative 
process plans 

(b) without alternative 
process plan 

Size of matrix : 

(a) with alternative 
process plans 

(b) without alternative 
process plans 


M3.1 

M3. 2 

M3. 3 

M3. 4 

q^+N+1 

4q+4N+1 

q+N+1 

3 q+N+1 

N^+N+1 

4N+1 

2N+1 

3N+1 


q^+3q+2N 


2 

q +2q 

n2 

n2+2N 


N^+N 

- 

(q+2N+1 )(2q+N) 

- 

(q+N)(q+1 

1 . 

(N+1)(2N) 

■ ■— , 

(N)(N+1) 





number of constraints compared to both the models M3,1 and M3. 2, 
and involves the same number of variables as for M3.1. Thus, the 

model M3. 3 would contain for sure, the least number of constraints 
and decision variables. 

3.4.2 Improvements in Shtub’s Formulation 

The formulation given in Section 3.2.2 can be simplified by 
combining together the process plan assignment constraints (3.15) 
and (3.16) with the group formation constraint (3.12). The 
resulting constraint after simplification will be: 


N 

-N + pi E S z. ^p. 
n=1 ^ 


The inequality on the left side of the above constraint is 

N 

trivial because (-N+p) is a negative number and E E z. can at 

n=1 j€F^ J 

least be equal to zero. Further, to ensure that out of q process 

plans p plans represent the required number of p process families, 

N 

the lower bound on the value of the expression EE z- in the 

n=1jeF 

n 

above constraint must be equal to p. The constraint, therefore, 
can be written as: 

N 

P ^ E E z . ^ p 

n=l jcF„ J 


The above constraint is equivalent to the group formation 

constraint (3.6) of models M3. 1 and M3. 3 with z. being equivalent 

to X . . . This constraint and the discussions made in the above 
JJ 

paragraph suggests that the formulation in the model M3. 2 can be 
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made more tighter by having lower bound value of the expression 
( E constraint (3.15) also equal to one instead 

of zero which is trivial and comes directly from the definition of 
Zj and U|^. The above constraint can be ccxnbined with the 
constraint (3.14) to yield the following: 


q - P i 


N 

I I 

n=1 jeF 


yj ^ q 


- p. 


(3.24) 


n 


The simplified formulation for the model M3. 2, to be called 
as model M3. 4 for further references, is given below. 


MODEL M3. 4 


q q 

Maximize I j; s..x.. 
i=t j=i 

Subject to: (3.10), (3.11), (3.13), (3.24), (3.8) 

and (3.17). 


A comparison of the total number of variables and constraints 
required by the models M3. 2 and M3. 4 are also presented in the 
Table 3.3. Figure 3.3 shows the assignment matrix corresponding 
to the model M3. 4. It can be seen from the Figures 3.2 and 3.3 
that the size of the matrix for the model M3. 4 is smaller as 
compared to that for the model M3. 2. 

Table 3.4 summarizes as how the objective function and the 
constraints of the model M3. 4 are to be read over the matrix shown 
in the Figure 3.3. 

It should be noted that the entries at the right bottom 
corner of each cell in the matrix shown in Figures 3.2 and 3.3 are 
to be used for reading constraints along rows. However, for all 


























the constraint along columns, these number are to be taken as one. 

Further, it can be seen that the constraints of the model 
M3. 4 and their combinations are equivalent to the constraints of 
the model M3. 3. The process plan selection constraints (3.10) and 
(3.11) of the model M3. 4 can be combined together to yield the 
constraint (3.5) 


Table 3.4: Correspondence Between Model M3. 4 and Matrix 
Representation Given in Figure 3.3. 


Model M3. 4 

Matrix Representation 

(Figure 

3.3) 

Rows 


Columns 


From 

To 

From 

To 

Objective Function 





(3.9) 

1 

q 

1 

q 

Constraints 





(a) Selection of only one 
process plan for a part 





(3.10) 

q+1 

q+N 

- 


(3.11) 

- 

- 

1 

q 

(b) Formation of required 
number of groups 





(3.24) 

- 


q+1 

q+1 

(c) Assignment of process 
plans to groups 





(3.13) 

1 

q 

- 

- 


of the model M3. 3. The constraint (3.24) is the complement of the 
constraint (3.6) in the model M3. 3. The constraint (3.24) ensures 
that out of q process plans (q-p) ones do not represent the 
process families, whereas the constraint (3.6) states that exactly 



p process plans represent process families. Therefore, the const- 
raint (3,24) and (3.6) can be considered to be equivalent. Based 

on this, it can be concluded that complement of y., i.e. (1-y.) is 

3 3 

equivalent to The process plan assignment constraint (3.13) 

of the model M3. 4 can be reduced to the constraint (3.23) of the 
model M3 . 3 as can be seen from the subsequent deliberations. 


The lower bound on the values of the expression | x . .+Ny .i 

li = 1 

in the constraint (3.13) is trivial because the lowest value of 

this expression from the definition of x.. and y. is any way equal 

"53 3 

to zero. Therefore, the constraint (3.13) is equivalent to: 


u 

i = 1 


Xij + Nyj ^ N 


3 = 1, 


, q 


or 


t X.. N(1-y.) 

i = 1 


3 = 1. 


(3.25) 


Since (1-y.) is shown to be equivalent to x.. , the constraint 
3 33 

(3.25) can be written as: 


la 

i = 1 


^i3 ^ ^ ^33 


3 = 1, 


(3.26) 


The constraint (3.26) suggests that the upper bound on the 
number of process plans that can be assigned to a process family j 
is N. However, as discussed earlier in the Section 3.4.1, the 
number of process plans which can be assigned to a family is, in 
fact, less than N and is at most equal to (N - p + 1). Thus, the 
constraint (3.23) of the model M3. 3 offers tighter bound as 
compared to that by the constraint (3.26). 


3.5 EXTENSIONS 

This section presents extensions of the basic generalized 
grouping problem considered in the models M3.1 and M3. 2. The 
extensions encompass certain generalities of the problem 
environment as observed and analyzed in the Section 3.3. For the 
generalizations, the structure of the model M3. 3 is used which, as 
discussed in Section 3.4, involves lesser number of variables as 
compared to the models M3. 2 and M3. 4, and has lesser number of 
constraints as compared to the models M3.1, M3. 2 and M3. 4. 

For the generalizations considered, the basic constraints, 
such as selection of only one process plan out of the several 
alternative plans for each of the parts given by (3.5), formation 
of exactly p number of groups given by (3.6), and assignment of 
process plans given by (3.23), are retained. In addition, some 
more constraints are appended to suit the grouping requirements. 

As pointed out earlier in the Section 3.3.3. 1, the similarity | 
measure s . . used in the objective function expression (3.4) does 

* w 

not distinguish the operations that require the same type of 
machine. However, for the purpose of grouping which also aims at 
minimizing the movements of the parts, it is necessary to consider 
the operations requiring the same type of machines distinctly and 
separately because all such operations may not be carried out on a 
machine type in one pass itself. This clearly prohibits the use 
of the similarity measure s.. in generalized grouping. As men- 

^ v/ 

tioned in the Section 3. 3.3.1, the relative requirement compatibi- 
lity (RRC) that considers the association between process plans 
recognizing such distinction about the operations, can be used for 
this purpose. The association between a pair of process plans, in 


gensral , can be rneasured in terms of the nufnber of coRiffion 
machines, the number of operations that can be performed on the 
common machines or the operation processing times on the common 
machines. Using these, various expressions for the relative 
requirement compatibility R-., measuring the compatibility of a 
process plan i with respect to some plan j, are written as: 

Number of machine types common to process plans i and j 
(i)Rij- Number of machine types required by process plan i ’ 

Number of operations in process plan i requiring 
machines of the type common to plan j 

Total number of operations in process plan i 

and 


(ii) R 


ij 


Total processing time of operations in process plan i 
requiring machines of the type common to plan j 

(iii) R^^ = — : 

Total processing time of operations in process plan i 

The above definitions of R. . can also be used for determining 

^ J 

association between two route plans i and j. 

A process plan, in general, specifies the type of machine 
against each of the operations which can be used for processing 
them. A route plan, on the other hand, contains the specific 
detail as to which particular machine a part will go for an 
operation. 

For the general i zed grouping, among three definitions of RRC 
given above the last two will be more suitable because these 
identify each operation separately. However, depending upon the 
grouping requirements and the nature of the manufacturing system, 
one can consider the other definitions of RRC (for detail see the 


Chapter II) which are based on some combinations of required 
resources such as machines, pallets, jigs, fixtures, cutting 
tools, etc.. For further deliberations, the RRC based on the 
number of operations or the processing times is taken as the 
representative compatibility measure between a pair of 
process/route plans. 

The second definition of RRC will be suitable where the 
desirability is to have groups in which the majority of the 
operations of the member process plans require the machines that 
are common to a process plan that represents of the corresponding 
process family. Similarly, the third definition can be found 
suitable for the case where one is interested in determining the 
groups when most of the processing load of the member process 
plans are on the machines that are common to a plan representing 
the corresponding process family. 

It may be noted that the use of the last two definitions of 
R.. in the objective function will require additional input 
related to the detailed specification of the operations showing 
the required machines and corresponding processing times. 

For the development of the various expressions in this 
section, the following notations and definitions in addition to 
the ones introduced in the Section 3.2, are used. 

Indices 

i, j. : route plans 
k, k : operation 
m : machine type 


n, n : parts 


Parameters 


fl = the total number of route plans 
M = the total number of machines 

~ cost of single machine of machine type m 
~ set of route plans for part n 

= the total number of operations to be performed 
on part n 


= the minimum number of machines that must be 
assigned to a machine cell 

= the total number of machines that can be 
assigned over all the machine cells 

Mjj = the maximum number of machines that can be 
assigned to a machine cell 


N = set of machines of type m 
m 

= the minimum number of parts that must be 
assigned to a part family 

Py = the maximum number of parts that can be 
assigned to a part family 


^m 

= capacity of machine m 



Nk 

= processing time 

- , th 

for k I 

operation 

in process 


plan i 





= processing time 

- 1 "th 

for k 

operation 

i n route 


plan i 




B(i, k) 

= type of machine 

requi red 

_ . , th 

for processing k 


operation in process plan 

i 


B(i, k) 

= machine required 

4* 

for processing k^ 

operation 


in route plan 1 

Metrics 




1 i f c ^ 1 
0 otherwise 
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X(m^ , m2) = I Q 

Derived Parameters 


if machines m^ and m 2 are of the same type 
0 otherwise 


= < 
im 


^ 1 if process plan i requires machine type m 
[ 0 otherwise 
K. 


= (I 


I 6 (eCi, k), 

(=1 I 


m 


m = < 

JLi m 


= P 


I' 1 if route plan 1 requires machine m 
0 otherwise 
K. 

i 

k- 


r 

I 6 k(i, k), 
<=1 I 


m 


= total capacity of all the machines of type m 

”■ m 


-’ij = 

relative requirement compatibility 
plan i with respect to process plan 

of 

j 

process 

"1,1 = 

relative requirement 
plan i with respect to 

compatibility of 
route plan j 

route 

s-m = 

total processing time 

requi rement 

of 

process 


plan i on machine type m 

= Z ^ik "’j 




total processing time requirement of route plan 
i on machine m 


K 


n 


T t. , 


6 fid 



L » k ) j m^ 



lUt f 


if route plan i is assigned to route 
family j 

otherwise 

if all the machines of type m are assigned 
to process family j 

otherwise 

if machine m is assigned to route 
family ± 

otherwise 

= number of machines of type m assigned to 

process family j 

As mentioned earlier, in addition to the basic constraints of 
the model M3. 3, some more constraints such as the constraints on 
the machine capacity, disjointedness of the groups, etc. are appe- 
nded depending upon the grouping requirements. The expressions 
for the constraints will depend upon as how the information 

related to the number of identical machines and their capacities 
are incorporated into the formulations. There are two possible 
ways in which such information can be provided: 

(i) Identical machines are not considered separately and are 

rather indexed by the corresponding machine type, and 

(ii) Identical machines are considered separately and are indexed 

expl icitly. 

The formulations of the grouping problems for the above 

mentioned two scenarios are given in the following subsections. 


Decision Variables 


^ 1,1 = ^ 


r 1 


^mj “ ^ 





oo 


3.5.1 Machines Denoted by Their Types 

For this case, the machines are categorized based on their 
types, or in other words, based on their capabilities. The 
multiple copies of a machine type can be treated in the following 
two ways for the purpose of grouping. 

(i) Multiple copies of a machine type are assigned to only one 
group. 

(ii) The multiple copies of a machine type are considered for 

assigning to more than one group. 

The formulation for these two different situations are 
presented below. 


3. 5. 1.1 IDENTICAL MACHINES ASSIGNED TO A SINGLE GROUP 

In this case, the identical machines are considered combined 
together by representing them all by a single composite machine of 
the same type with capacity equal to the sum of their individual 
capacities. Consequently, all the identical machines will go to 
the group to which the corresponding composite machine get 
assigned. 

The expressions for the objective function and the various 
constraints are as follows. 


OBJECTIVE FUNCTION 

The objective of maximizing the total relative requirement 
compatibility can be written as: 

Maximize f f R-i i i (3.27) 

i = 1 j = i 


where (i ^ 


is calculated using any of the following 




expressions , 


(i) Rj. 


Xn 

K_ 


(ii) R 




^ik-®j,B(i,k) 

k=1 


(3.28) 


(3.29) 


1 . 2 

R.. IS computed based on the number of operations, while R.. 
' *J 13 

on the basis of processing times. 


CONSTRAINTS 

( i ) Selection of only one process plan for a part 

This constraint is the same as (3.5) in the model M3. 3. 

( i i ) Formation of reaui red number of groups 

This can be represented by the constraint (3.6) of the model 

M3. 3. 

( i i i ) Assi gnment of process p 1 ans to groups 

This constraint is the same as (3.23) in the model M3. 3. 

(iv) Number of parts assigned to a group 

As mentioned in the Section 3.1, the generalized grouping 
problem should accord cognizance to the number of parts to be 
assigned to a group. The constraints on the maximum and the 
minimum number of parts in a group can be represented as: 



U 


3 = 1 , . . . , q (3.30) 
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^ j = 1,..., q. (3.31) 

(v) Load on machine 

Using the definition of and taking into consideration the 
constraint (3.5), as given in the Section 3.2.1, following holds: 

if process plan i is assigned to some 
process family 

otherwise 


r 1 


j=i 


X . . = ^ 

IJ 


In view of the above, the constraint that the load on a 
machine should not exceed the available capacity, can be written 
as : 




^ C 


m 


m = 1 , . . . , M. (3.32) 


(vi ) Assignment of al 1 the copies of a machine type to one group 


q 

y . 1 m = 1 , . . . , M (3.33) 

j = 1 ^ 


(vii) Group dis.ioi ntedness 

The conditions on obtaining disjoint machine cells can be 
represented by the following constraint. 


I 


j - X ^ j 

im 1 j 


i 1 


mj 


1 


3 “ ij ..., q, 
m = 1 , . . . , M 


The above constraint ensures that all the machines required 
by the process plans of a process family are available in the 
corresponding machine cell, and only the required machines are 
assigned. These two restrictions are presented by the constraints 
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(3.34) and (3.35), respectively. 


q 


®im^ij ^ ^ ^mj = ^ 

j = 

If • • * J Q y 


q 

m = 

1, ...f M 

(3.34) 

^mj ■ ^ ®im^ij ^ 

j = 

1 f • m m f Q y 



m = 

*1 f m m: m f M 

(3.35) 


In the absence of the constraint (35), the solution may have 
a machine cell with a machine which is not required by any of the 
process plans of the corresponding process family. The assignment 
of such a machine to a cell will be possible only when the process 
plans of the other families do not require it. Since the grouping 
problem at the operational level assumes that the machines are 
already existing, thus the assignment of the non-required machines 
to some cells will have the same effect as of not assigning them 
to any of the cells. In both the situations, such machines will 
not be used and thus would remain idle. 

It may be noted that such an assignment of the machines that 
are not required by any of the process plans included in families, 
though needed by some process plans not included in any of the 
families, is a special characteristic of the generalized grouping, 
and is the consequence of the selection criterion which chooses 
only one process plans for each part for maximizing the objection 
function. Such a situation, however, will never arise in the 
simple grouping problem. 

In view of the observations made in the preceding paragraphs, 
the constraint (3.35) may be omitted. This may also reduce the 


computational requirements. 


The constraints (3.34) and (3.35) are equivalent to the 
following dichotomies, respectively: 


(a) 


and 


ill 


^ ^mj = ■' t)oth 


j = 1 , .... q ; 
m = 1 , — , M , 


(b) y^j ^ 1 or a.^x.j a 1 or both j = l, 

m = 1 , 


These two dichotomies can be restated as; 

q 




, q; 

, M. 


j — 1 ^ » 9 C| , 

rn = 1 , . . . , M , ( 3 . 36 ) 


and 


ym-i ^ 0 O'" E ^ ■' 

mj imij 


or both 


3—1, ...,qj 

m = 1 , . . . , M. (3.37) 


Since it is possible to have a process family j whose any 
member plan may not require a machine type m, f ®im^ij 

equal to zero. Therefore, the lower bound on the value of the 
expression ^ a- x.. will be equal to zero. 

-j — . ^ ^ 3 

On the other hand, where each of the process families (other 

than family j) contains only one process plan, the remaining 

(N-p+1 ) assignments of process plans will be to process family j. 

Further, all the process plans assigned to family j may require 

machine type m. Thus, the upper bound on the value of the 

expression f ^im^ij (N-p+1). 

i = 1 ^ 
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The upper bound can, however, be more tighter for the case 

when there is a limit on the maximum number of parts that can be 

assigned to a group. For such cases, the upper bound will be 

equal to this maximum number. Since the respective values of 

lower and upper bounds on the value of y . are equal to zero and 

mj 

one, the dichotomy (3.36) using the method as described in the 
Section 3.4 (Garfinkel and Nemhauser (1972)), can be written as: 


■ ^ “mj - P 


and y^. - 1 ^ (1 - ) (- i) 


where e {o, 1} 


The two constraints given above can 
given below. 


i = 1 


a x-- ^ (N-p+1)a- s: (N- 

im ij '■ mj 


m = 1 , . . . , M; 
j — 1, ..., q, 

m = 1 , . . . , M; 
j = 1 , . . . , q, 

m = 1 , . . . , M; 
j = 1 , . . . , q . 

be linked together as 


P + 


i)y 


mj 


m = 1 , . . . , M 
j — 1, q 


In the above expression, there are 2Mq number of constraints 

and Mq number of variables. The expression may become free of 
and will have only Mq constraints once it is reduced to the 
following without loosing any meaning of the constraint. 


I 

1=1 


a . X . . 
im ij 


^ (N - p + 1 )y 




m = 1 , . . . , M 
j = 1, . . . , q (3.38) 


:| 


Similarly, the dichotomy (3.37) can be written 


y • s 8 . 

^mj ^mj 


m = 1 , . . . , M; 
*3 ■“ Ij Oj 


®im^ij ~ ^ ^ (1 - 1) m - 1, .... M 


J = 1 , 


where e {o, 1} 


m = 1 , . . . , M; 
j = 1 , q. 


The above two constraints, in a manner similar to that 
followed above, can be simplified to: 


a . X . . ^ y . 

im ij *^mj 


m = 1 , . . . , M ; 


j = 1 , . ■ • , q. 

The above constraint ensures that only required machines get 
assigned, whereas the constraint (3.38) will ensure that required 
machines are available in the corresponding machine cell. 

DECISION VARIABLES 


e (0, 1} 


i = 1 , . . . , q; 
j = 1 , - . . , q 


^ 'J 


IB — 1 J . . • , ■ M ; 

j = 1 , , q (3.39) 


models 


The differen't combinations of the three constraints, viz. the 
machine capacity, the group disjointedness, and the limits on the 
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mini mum and the maximum number of parts that can be assigned to a 
group, win give several problem scenarios. Each of these scenar- 
ios, however, include the basic constraints, such as, the 
constraints on process plan selection, group formation and process 
plan assignment. 

For each of these scenarios which has the constraints on both 
the machine capacity and the group disjointedness, the constraint 
(3.32) does not remain valid. Further, it is not advisable to 
consider the constraint (3.38) separately since the two 
constraints together can be represented by the following- 


i = 1 


^im^i j 


C y . 
m-'mj 


m = 1 , . . . , M (3.40) 


Similarly, the constraint (3.30) on the maximum number of 
parts that can be assigned to a group need not be considered 
separately in view of the process plan assignment constraint 
(3.23). This constraint together with the process plan assignment 
constraint (3.23) can be represented by the following: 

Y, ^ |min [(N-p+1), Py]| Xjj j = 1, ..., q- (3.41) 

It should be noted that the machine assignment constraint 
(3.33) has to be considered only when the constraint on the group 
disjointedness, given by (3.38), or along with the machine 
capacity constraint given by (3.40) is included. 

For studying the influence of these constraints on grouping, 
the scenai"ios represented by the following models (M3. 5(a) to 
M3.5(h)) are considered. 


Constraints aditional to (3. 5), (3. 6) and (3.23) on 

Model - — - - Decision 

Machine Perfect No. of parts Machine Variables 

Capacity Grouping in a group Assignment 


Max Min 


M3. 5 (a) 

- 


- 

— 


„ 

(3.8) 


M3. 5(b) 

— 


- 

- 

(3.31) 


(3.8) 


M3. 5(c) 




(3.41 ) 

- 

— 

(3.8) 


M3. 5(d) 

— 


- 

(3.41 ) 

(3.31 ) 


(3.8) 


M3. 5(e) 

(3.32) 


— 

- 

- 

— 

(3.8) 


M3. 5(f) 



(3.38) 


* 

(3.33) 

(3.8), (3. 

39) 

M3. 5(g) 

(3.40) 


(3.40) 

- 

- 

(3,33) 

(3. 8), (3. 

39) 

M3. 5(h) 

(3.40) 


(3.40) 

(3.41) 

(3.31 ) 

(3.33) 

(3.8) , (3. 

39) 

As 

discussed 

previously 

, the constraint 

(3.23) 

is trivial 

in 

the presence 

of 

the constraint 

(3.41), 

hence 

need not 

be 

considered into 

the models M3. 5(c), 

M3. 5(d) and M3. 5(h). 


The 

numerical 

examples 

presented in Section 3.7 

are used 

for 


illustrating the behaviour of the solution of these models. 

3. 5. 1.2 IDENTICAL MACHINES DISTRIBUTED AMONG GROUPS 

The aggregation of identical machines into one leads to the 
assignment of all the copies of a machine type to only one group. 
Such aggregation may lead to a high intercell movements as the 
parts requiring this type of machine may get assigned to different 
groups and, thus are to be moved for carrying out certain 
operations of these parts to the group possessing this machine 
type. It, therefore, seems advisable to distribute the multiple 
copies of the machines to more than one group to reduce the 
intercell movements. 

Further, for the case of machine aggregation, in a solution 
obtained satisfying the requirements of group disjointedness, 
there will indeed be no intercell movements, but all the copies of 
a machine type assigned to some group may not be required by the 


1 . 0 / 

process plans corresponding to this group. The process of making 
these extra copies available for inclusion in some other groups 
can be viewed as equivalent to that of relaxing the consideration 
of machine aggregation. In general, the relaxation of constraints 
brings improvement in the objective function value. Therefore, 
the relaxation of the condition on the machine aggregation is 
expected to bring improvement in the objective function value 
while retaining the group disjointedness. 

In view of the advantages discussed above, the grouping 
problem stated in this section considers the possibility of the 
assignment of a machine type to more than one group. Since each 
machine is not considered separately, the models discussed in this 
section cannot take into consideration their individual capacity. 
The capacity of the machines of the same type are assumed to be 
equal, i.e. 



V m € m = 1 , . . . , M. 


The expressions for the objective functions and the various 
constraints are given below. 


OBJECTIVE FUNCTION 

( i ) Maxi mi zation of the total relative requi rement compati bi 1 i ty 

The expression for this objective remains the same as given 

by (3.27) in the Section 3. 5. 1.1. 

(ii) Minimi zation of i nvestment on the machines 

The expression related to this objective can be written as: 


M q 

Minimize E E 

m=1 j=1 


z . . 
mj 


(3.42) 


1 bt5 


CONSTRAINTS 

Various constraints along with their expressions are given 
below: 

(i) Selection of, onJLz one process plan for a part : (3.5). 

(ii) Formation g± requi red number of groups : (3.6). 

(iii) Assignment ^ process plans to groups : (3.23). 

(iv) Number of parts assigned to a group 

(a) Limit on the maximum number of parts: (3.30), or (3.41) 
when the constraint on the process plan assignment is 
combined. 

(b) Limit on the minimum number of parts: (3.31). 

(v) Load on machines : (3.32). 

( V i ) Total number of machines of each type 

The total number of machines of a type which can be assigned 
to different machine cells should not exceed the number of 
available copies (the number should be referred as the permissible 
number of copies of a machine type in the context of production 
system design problem). This constraint can be written as: 

^ ^ l^ml m = 1 , . . . , M. (3.43 ) 

3 “ 1 

(vii) Group dis.iointedness 

The constraint, that each machine cell should contain only 
the machines required by the corresponding process family, can be 
expressed as follows. 

®im^i j ^ ^ ” ^mj ' j . 

m = 1 , . . . , M 

The upper and lower bounds on the values of Zjjjj will be 
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and zero, respectively. The upper and lower bound on the value of 

q ^ . 

shown in the Section 3.4, are equal to (N-p+1) and 
zero, respectively. Therefore, following the method as described 
already in the Section 3.2, the above constraint can be 
represented by the following two constraints: 



^ i (N - p + 1 )z . 
Tfn ij mj 


j = 1 , . . . , q; 
m = 1 , . . . , M , (3.44) 


and 





3 = 1 , . . . , q; 

m = 1 , . . . , M . (3.45) 


If the restriction that the only required machines are to be 
assigned to the various machine cells is relaxed, then the 
constraint (3.45) is not to be considered. 

(vi i i ) Total number of machines in production system 

This constraint becomes important for the case when a new 
production system is to be designed. The number of machines which 
can be accommodated depends upon the total floor area, the layout 
of materials handling system, etc.. The constraint can be 
expressed as : 




mj 



(3.46) 


(ix) Total number of machines In a group 

For the reasons as described in the Section 3.1, it may 
become necessary to consider upper and lower limits on the number 
of machines that can be assigned to a group. The constraints 
representing such limits are: 



The respective constraints (3.47) and (3.48) ensure that the 
limits on the maximum and the minimum number of machines that can 
be assigned to a group are not violated. 

DECISION VARIABLES 

X. .=0or1 


i 0 and integer m = 1, M; 

j = 1 , .... q (3.49) 

MODELS 

In this case also, as discussed in the Section 3. 5. 1.1, the 
different combinations of the constraints, in addition to the 
basic ones, will encompass different problem scenarios. 

The machine capacity constraint (3.32) simply ensures that 
the total load (of processing parts using their selected process 
plans) on a machine does not exceed the available capacity. The 
consideration of this constraint leads to a grouping solution 
which is feasible from the viewpoint of operations assignment 
61so. However, this constraint does not ensure that the groups 
thus obtained will be disjoint. The group disjointedness constr- 
aint (3.44), on the other hand, ensures that to each group all 
those machines are assigned that are required by the process plans 
assigned to the same group. Such a solution may not be disjoint 



from operational viewpoint because the machines assigned to a 
group may not be having capacities required to process all the 
operations of all the parts assigned to the same group, and thus 
may require intercell movements. Therefore, for the situations 
where groups are to be operationally disjoint and do not have to 
violate the machine capacity restrictions, the following constr- 
aint should be used instead of the constraints (3.32) and (3.44). 




im 1 j 


i T 


m 


j ~ •••» 

m = 1 , . . . , H. (3,50) 


Further, for the generalized grouping problem at operational 
level, it does not make sense to consider the constraint (3.45) 
which ensures assignment of only required machines to various 
machine cells. The generalized grouping problem, for this case, 
is as given below. 

MODEL 3.6(a) 

Maximize ^ ^ x.:^ 

i = 1 j = i 'J 

Subject to: (3.5), (3.6), (3.31), (3.41), (3.43), (3.46), 

(3.47), (3.48), (3.50), (3.8) and (3.49). 

The problem of disjoint group formation, without considering 
the constraints on the machine capacity and on the total number of 
machines in the system, is represented by the following model. 

MODEL 3.6(b) 


q q 

Maximize J] S R,- , x . . 
i = 1 j = i 'J 
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Subject to: (3.5), (3.6), (3.31), (3.41), (3.43), (3.44), 

(3.47) , (3.48), (3.8) and (3.49). 

And the problem including the machine capacity constraint is 
represented by the model M3. 6(c) given below. 

MODEL 3.6(C) 

Maximize f f R.: . x.: . 
i=1 j=i 

Subject to: (3.5), (3.6), (3.31), (3.41), (3.43), (3.47), 

(3.48) , (3.50), (3.8) and (3.49). 

For the case when a new production system for cellular 
manufacturing is to be designed, the grouping problem can be 
described by model M3. 6(d) as given below. In this model, the 
objective of minimizing the total investment on the machines will 
allow only the required machines to be assigned to the different 
groups. Hence, it is not necessary to include the constraint 
(3.45) into the model. 

MODEL M3. 6(d) 

M q 

Minimize E f^, I z . 
m=1 j = 1 

Subject to: (3.5), (3.6), (3.31), (3.41), (3.43), (3.46), 

(3.47), (3.48), (3.50), (3.8) and (3.49). 

In this case of grouping which is coupled with production 
system design problem, the other problem scenarios which do not 
consider restriction on the group disjointedness, will require 
modifications in the machine capacity constraint. The maGhine 
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capacity constraint, for such situation, will be: 


q 

I 

i = 1 




J = 1 




i T 


m 


q 

E 

j=1 


‘mj 


m = 1 


M. 


In the other grouping situation, one may consider a 
production system where few machines are already existing and the 
changes in the product line require additional machines for 
cellular production. In this case also, it is reasonable to 
consider the objective as minimization of extra investment on the 
machines to be procured. The number of additional machines of 

type m, denoted as Z^, can be linked with the variable 2 . in the 

n) mj 

constraint (3.43) as given below. 

I, ' « 

3 I 

Obviously , 

i 0 and integer m = 1, ..., M. (3.52) 

In constraint (3.51), is assumed to denote the set of 

existing machines of the type m. Further, the capacities of the 
new and existing machines of the same type are assumed to be the 
equal. The generalized grouping problem for this case can be 
described by the following model. 

MODEL M3.6fel 

M ■ 

Minimize E "^^m^m (3.53) 

m= 1 

Subject to: (3.5), (3.6), (3.31), (3.41), (3.46), (3.47), 

(3.48), (3.50), (3.51), (3.8), (3.49) and (3.52). 


3.5.2 Machines Considered Separately 

The grouping problem considered in this section identifies 
each machine separately. For the case discussed in the Section 
3. 5. 1.2, the information on number of copies of each machine type 
is recorded and capacities of the machines of the same type are 
assumed to be the same. Whereas in this case, each machine is 
numbered differently and the information related to its capacity 
and capability is recorded separately. It can be visualized that 
in this case, because of the additional input requirement, the 
size of the problem will be more as compared to that for the 
problem discussed in the Section 3. 5. 1.2 where the identical 
machines are not considered separately for assignment. However, 
the advantage is derived from the consideration of individual 
machine capacity which may be different even for identical 
machines. 

It should be noted that the identical machines though 
numbered differently are to be considered of the same type for the 
purpose of computing the relative requirement compatibility. 

In this case, there are two different ways in which the 
information regarding the requirements of the parts can be 
represented; 

(a) For each operation of the various parts the machines which 
are capable of performing them, are listed. 

For this kind of requirement, the input information 
given in the form of machine type and process plan matrix 
will not suffice because a process plan, in general , does not 
specify the indices of the machines against the operations 
and simply lists the types of machine capable of performing 
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them. However, a route plan which lists the indices of the 
machines against each operation can be used for this purpose. 
Thus, in this situation, the necessary information can be 
provided by giving detail of each of the machines and the 
route plans. 

(b) For each operation of the various parts, the capable machine 
types are listed. 

In this case, the information given in the form as 
described in the Section 3.5.1 itself will serve the purpose. 
The models for these two different situations are given 
below. 

3.5.2. 1 INDICES OF MACHINES LISTED AGAINST EACH OPERATION 

The expressions for the objective functions and the various 
constraints are given below. 

OBJECTIVE FUNCTION 

( i ) Maximi zati on of the total relative reaui rement compatibility 
This objective can be expressed as: 

Maximize ^ f ^ x- •. (3.54) 

1=1 1=1 ^’*1 


where R. . (i e F : j e f and n, n =1, ..., N) can be 

1. J. n’ n 

calculated using any of the following expressions. 


(a) rV . = 
T.,JL 


I F 
k=l 


k), BCi, k)| 


K 


n 


(3.55) 


(3.56) 




E k M I X^B(i, k), B(i, k) 

k=1 k=1 I 


I t, 


R . denotes RRC of route plan i with respect to ± and is 

J- » 

computed on the basis of number of operations. However, R- • 

i ? JL 

requires processing times of the operations for its computation. 

( i i ) Minimization of investment on the machines 

The expression related to this objective can be written as: 


M a 

Minimize E f F E y • ■ 

m=1 m^N j=1 5^,3. 


(3.57) 


CONSTRAINTS 


( i ) Selection of only one route plan for a part 


L .L Xi i = ■> 
J.= 1 


n = 1 , . . . , N (3.58) 


( i i ) Formation of reaui red number of 


^ 1,1 = 


(3.59) 


( i i i ) Assignment of route 


X. . ^ (N-p+1)x. . 

J_ J J. U. » *1 


1 = 1 , . . . , 3 (3.60) 


( i V ) Number of 


assigned to a 




i = 1 , . . . , fl (3.61 ) 



i=1 


^ P. X ■ . 

^ L 1,1 


i = 1 , 


fl (3.62) 


(v) Load on machines 


t.. 


.v, X . . i T 

l,m 1,1 m 


m ^ N ; 
- m’ 


m = 1 , . . . , M (3.63) 

{ V i ) Ass1 gnment of a mach1 ne to on1 v one group 


? V 
1=1 


i 1 


V m e N 


m’ 


m = 1 , . . . , M (3.64) 

(vii) Group dis.iolntedness 

The condition on the disjointedness of the groups can be 
expressed by the constraints similar to those introduced in the 
Section 3. 5. 1.1. The constraint that the required machines are 
available in the corresponding groups, can be represented as: 


r a. „ X- 

1 , 




V m e N„: 
— m 


m = 1 , . . . , M; 

1= 1, ..., S. (3.65) 
The constraint that only the required machines are assigned, 
can be written as: 




m € 


m = 1 , . . . , M ; 

1 = 1 , . . . , g . ( 3 . 66 ) 

(viii ) Total number of machines 1 n production system 

For the reasons as described in the Section 3. 4. 1.2, one may 


like to restrict the total number of machines that can be assigned 
to different cells. The constraint is expressed as: 
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M fl 

I I t i ^ 

m=l j.= 1 ^ 

in 


(3.67) 


(ix) Total number of machines in a group 

The respective constraints on the maximum and the minimum 
number of parts that can be assigned to a group can be expressed 
by the constraints (3.68) and (3.69) as given below. 


M 


mil 


— m 


M 


m 


DECISION VARIABLES 


I, i, >'b .1 ^ Xl,l 

““ m 



^m,l 


0 or 1 
0 or 1 


MODELS 


1=1, . . . , fl (3.68) 

1=1, . . . , a (3.69) 


1,1 = 1 , . . . , S (3.70) 
V m e 

m = 1 , . . . , M; 

1=1, .... a (3.71 ) 


It should be noted that when both the machine capacity and 
the group disjointedness constraints are cosidered simultaneously, 
the expression (3.63) representing the constraint on load of 
machines will not be valid and the constraint (3.65) is not to be 
considered separately. The two constraints can be represented by 
the following: 


’"i.m "l.! ^ \ 


V m € N 
m = 1 , 

1 = 1 > 


m’ 


• • * 1 


M; 

a- 


(3.72) 
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Similarly, in this case also, the route plan assignment 
constraint (3.60) can be merged with the constraint (3.61) on the 

maximum number of parts assigned to a group. The constraint 
having combined effect, is: 

J, ’<i.i ^ r" v} >>1.1 

1=1, (3.73) 

Further, the constraint (3.64) is to be considered only when 
there is a. limit on the number of machines assigned to a cell or 
to the system as a whole, and also when the group disjointedness 
is required. 

The generalized grouping problem at the operational level, 
considering the constraints on the machine capacity, the group 
disjointedness and the number of parts and machines that can be 
assigned to a group, is represented below by model M3. 7(a). For 
this situation, as discussed earlier, the condition that only 

required machines are assigned carries no significance, and thus 
the constraint (3.66) is not included. 

MODEL M3. 7(a) 

S 3 

Maximize E E R-i -i ^-i i 
1=1 1=1 

Subject to: (3.58), (3.59), (3.73), (3.62) , (3.64) , (3.67 ) , 

(3.68), (3.69), (3.72), (3.70) and (3.71). 

The problem of grouping at the planning level becomes a 
production system design problem where one is interested in 
determining the configuration of machine cells requiring minimum 
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investment for disjoint cellular production. For this problem, 
the objective function and the other constraints are as given in 
the following model. 


MODEL M3. 7(b) 


M 


Minimize E f E E 


m=1 mSN jii ''m-i 

““ m 


Subject to: (3.58), (3.59), (3.73), (3.62), (3.64), (3.67), 
(3.68), (3.69), (3.72), (3.70) and (3.71). 

It can be seen from the formulations given in the Sections 
3. 5. 1.2 and 3. 5. 2.1, that the size of the problem for the models 
discussed in the Section 3.5.2. 1 is comparatively more. In 
addition, the models M3. 7(a) and M3. 7(b) will not consider any 
route plans for assignment for which the total processing time 
requirement for its various operations on any machine is more than 
the available capacity. 

Further, the models M3. 7(a) and M3. 7(b) may yield a route 
plan family whose more than one member route plan require the same 
type of machines but different ones. In this situation, it may be 
possible to satisfy the total requirement of member route plans by 
lesser number of machines by making use of the remaining capacity 
on each such machines. This can only be possible when the plans 
for their various operations are allowed to share all the machines 
of the same type. Therefore, it can be seen that the solution to 
the grouping problem at planning level with disjoint group 
formation may ask for more machines and thus an extra investment, 
whereas for the grouping problem at the operational level the 
objective function may be restricted to assume a lower value. The 
lower value of the objective function value, of course, can be 
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improved by assigning to a group only that many machines which 
satisfy the pooled requirements of the route plans in the 
corresponding group, and thus by making extra machines, if any, 
available for assignment to other groups. 

3. 5.2. 2 INDICES OF MACHINE TYPES LISTED AGAINST EACH OPERATION 

In this case, though the identical machines are considered 

separately, the information related to the machine requirements 

for the operations of the various parts is taken in the usual way 

as adopted in the Section 3.5.1. For this case, the various 

expressions for the objective functions and the constraints are 

the same as given in the Section 3. 5. 1.2. However, z . is 

mj 

replaced by ^ y_ ^ in the expressions where ever it appears. 

meN -’-J 
~ m 

The objective functions, constraints and the various models 
are as follows. 

OBJECTIVE FUNCTION 

( i ) Maximization of total relative reoui rement compatibi 1 i tv : 

This objective is the same as shown in the expression (3.27). 

( i i ) Minimization of i nvestment on the machines 
This objective can be expressed as: 

M q 

Minimize E i'm E I Vm i ' (3.74) 

m=l ^ meN^ j = 1 

CONSTRAINTS 

( i ) Selecti on of only one process plan for a part : (3.5). 

(ii) Formation of reoui red number of groups : (3.6). 

( i 1 i ) Assi gnment of process plans groups: (3.23). 

( i V ) Number of parts assi gned to a group 

(a) Limit on the maximum number of parts: (3.30) or (3.41). 
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The constraint (3.41) takes care of the constraint 
on process plan assignments also. 

(b) Limit on the minimum number of parts: (3.31). 

(v) Load on machines 

The constraint in the absence of the group disjointedness 

requirement is represented by (3.32) where C is given as: 

m 


" r^N 
— m 


m = 1 , . . . , M. 


(vi ) Assignment of a machine to only one group 

A machine can be assigned to one group at the most. This 
constraint can be expressed as: 




j = 1 


m, j 


i 1 


V m ^ 


m = 1 , . 


M. (3.75) 


(vii) Group dis.iointedness 

The constraint that all the machines required by a process 
family are available in the corresponding group, can be expressed 
as: 

i 

j = 1, .... q. (3.76) 
This constraint along with the constraint on the machine 

m = 1 , . . . , M; 
j = 1 , ... , q. (3.77 ) 


capacity can be written as: 


^im ^^Tj ^ ym.j 


— m 


= 1 


^im^i j 


^ (N-p+1 ) 


y 

m€N, 


m.j. 


m = 1 , 


, M; 
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The constraint that only the required machines are assigned, 
can be written as: 


q 

I 

i = 1 


a . X . . i 
im ij 


f 1 ^ ^ 

I I'^ml J 1 Jn 

~ m 


m 


1 , .... M; (3.78) 

1 , . . - , q. 


■ (viii) Total number of machi nes in production system 


M 

Z E ,li yjji -i ^ Mj. 

m=1 meN j.= 1 ' 

- m 


(3.79) 


( ix) Total number of machines in a group 

The limits on the maximum and the minimum number of machirss 
are expressed as: 


and 


M 


I 

m=1 


I 

ffieNm 




M 


I 

m=1 


z 







j = 1, .... q, (3.80) 

j = 1 , . . . , q. (3.81 ) 


DECISION VARIABLES 

X . . = 0 or 1 i,j = 1>'-*jq 

TJ 

y . = 0 or 1 V m e N • 

m = 1 , . . . , M ; 
j = 1 , . . . , q (3.82) 

MODELS 

In this case also, the different combination of the 
constraints will address different problem situations. 

It should be noted that the constraint (3.75) on the machine 
assignment is to be incorporated only when there are restrictions 
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on the maximum and/or the minimum number of machines in a group, 
the total number of machines in the system as a whole, or on the 
group disjointedness. 

The generalized grouping problem at the operational level is 
as described by the following model. 


MODEL M3.8fa) 


Maximize I ^ . x,- . 

i=1 j=i 

Subject to: (3.5), (3.6), (3.31), (3.41), (3.75), (3.77), 

(3.79), (3.80), (3.81), (3.8) and (3.82). 

The generalized grouping problem at the planning level is 
given by model M3. 8(b) stated below. 

MODEL 3.8(b) 


M 

Minimize T! f E 


m=1 


q 

^ y 

4-1 Jr 


^ m\ j=i 


Subject to: (3.5), (3.6), (3.31), (3.41), (3.75), (3.77), 

(3.79), (3.80), (3.81), (3.8) and (3.82). 


In this case also, where the grouping problem is combined 
with the production system design problem, the machine capacity 
constraint in- the absence of the requirement on group 


disjointedness will be modified to: 


i?i ^ j=i ''“■j 


m = 1 , . . . , M, 


It can be noted that the models M3. 8(a) and M3. 8(b) are 
somewhat large in problem size as compared to the respective 
models M3. 6(a) and M3. 6(d), but are much smaller as compared to 
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the respective models M3. 7(a) and M3. 7(b). Further, the models 
M3. 8(a) and M3. 8(b) do not have the shortcomings as mentioned for 
the models M3. 7(a) and M3. 7(b). Therefore, the use of the models 
M3. 8(a) and M3. 8(b) over the respective models M3. 7(a) and M3. 7(b) 
may provide comparatively a better grouping solution. 

3.6 SOLUTION METHODOLOGY 

The generalized grouping problem formulation proposed by 
Kusiak (1987) is a modification and extension of p-median problem 
formulation. Further , it has been shown in the Section 3.4.2 that 
this formulation is equivalent to GAP formulation of grouping 
problem proposed by Shtub (1989). The p-median and generalized 
assignment problems have been reported to be NP-complete (Parker 
and Rardin (1988)). Further, the constraints incorporated into 
the basic model (i.e. the p-median problem) does not make the 
basic constraints non-binding. Thus, the extensions of basic 
models will also be NP-complete. 

Most of these problems are very hard because they consider 
many parameters, thus finding some reasonably good solution to 
these problems may not be a simple task. Moreover, in some of the 
cases, finding a feasible solution itself may be very hard. 

The models described in the Section 3.5 are solved using a 
mathematical programming software LINDO which basically uses 
branch and bound technique for solving integer programming 
problems. For large size problems, however, this methodology may 
not remain efficient. Thus, it may be desirable to find solution 
of such problems using some efficient methodologies. In the 
following subsection, a heuristic is described for the problem 
scenario equivalent to that considered by Kusiak (1987) and Shtub 
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(1989). In the subsequent subsections, its use for the other 
problem scenarios with the required modifications are discussed. 

3.6.1 Heuristic for the Maximization of the Total Relative 
Requirement Compatibility 

The approach proposed considers the generalized grouping 
problem where parts have alternative process plans. The problem 
is to form p groups of process plans such that the sum of the 
relative requirement compatibility of the various plans in the 
groups computed with respect to the process plans representing the 
corresponding groups, is maximized. The problem can be described 
as: 

q q 

Maximize T R-^ x-- 

i = 1 j = i 


Subject to: 


,L J. ' 


icFr, J = 1 


^ '‘jj " 
j = 1 


n = 1 , . . . , 


N 


.1, x,j ^ CN-p+1) Xj 


T = 1 


JJ 


X . . = 0 or 1 
TJ 


j = 1 , . . . , q 

i,j — 1, ...j Q' 


The above formulation is the same as given for the model 

M3. 5(a) in the Section 3. 5. 1.1. 

The heuristic procedure and the methods for solving certain 

intermediate problems encountered in the process of using the 
heuristic are described below. Later, examples are given to 
illustrate the various steps of the heuristic. 



3. 6. 1.1 PROCEDURE 


The various steps of the heuristic are as follows. A flow 
chart showing the details of the heuristic is given in Figure 3.4. 

Selection of ^ process plans for representing process f ami 1 i es 
Step 1: For each process plan i, find the sum of the maximum RRC 
of process plans of each of the other parts computed with 
respect to plan i and denote it by S.. Thus, 

N f 

S. = \ maxi 

n=1 I je 
h/n 

Step 2: Sequence the process plans in decreasing order of the 

value of . In case of tie, plans should be arranged in 
the order of increasing number of machines required. 

Step 3: The first p process plans in the sequence obtained in the 
Step 2 and each belonging to different part will 
represent p process families. Any plan denoting a family 
should not have all its machine requirements common to 
some other process plan that also represents a process 
family. This should be allowed only when no process plan 
is available for representing a process family. 

Let, 

P = set of process plans representing process families 
Q = set of remaining process plans P) whose machine 
requirements are not completely common to some plan 

i n P 

R = set of those parts of which no process plan 
represents any process family 


mum (R ) \ V i e F ; n = 1 , . . . , N. 

F JT J n - 

n 



D«t«raln« for 1 « and n » 1 N 

N , " 


= E i wiaKiifiufn CR| | 

n=1 I j«F ^ ^ J 


Sequence the process plans. 


etermine p;q,R and S. 
Set check = false. 


nd the objective function 
value for the problem P1 


et the first plan in 
those plans requiring machines common to plan k 


^ls\ 
k « S 


Set P=P+fk>-fk>- 
Find the objective function 
value Z for problem P2. 



CZ-(Z ^ 1 

^ o n 


P=P and Z 


value . 
es are 


"Q = f r 
\ 7 


z > z. 


Let k«, 

Z =Z and P=P, R*R+C|l>-Cn> 

and S=S+F„-F . 

n n 


;;;^jeck ® faUe> 


set check = false 

and 

determine 


j* tKa Uoitristic for Determining the Groups 

Figure;84: Flow Chart for the Similarity Value. 

While HaKimizing the Toxai or 












S = set of process plans of parts in R. 

The plans in Q are arranged according to the 
sequence determined in the Step 2. 

Sew check = false and go to the next step. 

Determination of_ initial grouping solution 
Step 4: Solve the problem P3.1, given below. 

Problem P3.1 


Maximi ze 


s 

neR 


iip 


ip 


R 


IJ 13 


Subject to: 


I 

ieF 

n 


^ij 

jeP 


= 0 or 1 


1 


V n e R 

V i G F ; V n e R and 
n ’ 

V j G P 


Let the objective function value be 2^. Go to Step 

10 . 


Perturbation for improving the current solution 

Step 5: Let the first plan in Q be k. Set Q = Q - {k}. Remove 
from Q those plans also whose machine requirements are 
totally common to that of plan k. If k € S, go to Step 7 
else to the next step. 

Step 6: Let k be the process plan of a part whose some other 

process plan k is in P (i.e. k^ Pj k ^ P and k, k £ Fj^). 

Set P = P + {k} - {k}. Solve the problem P3.2, 


given below. 



Problem P3.2 


Step 7 


Step 8: 


Max 


imize I I I Ri-i x.. 
nep iep^ jep 

Subject to: 


I 

ieP 

n 


I 

jeP 



V n € R 


Xii = 0 or 1 V n € R; V i e F and 

« ll 

V j G P 

Let the objective function value for the above 

problem is Z. If Z i Z^, then go to Step 10. Otherwise, 

set check = true, P = £, 1^ = 1 and go to Step 10. 

Let the process plan k belong to part n (i.e. k e F^) and 

the contribution of part n to Z be C . Set P = P + fk}, 

on ~ 

R = R - {n} and S = S - F . Solve the problem P3.3 given 


below. 

Problem P3.3 


Maximize ^ E Z R-: ■; x -^ 

neR ieF jcP 
_ n 


Subject to: 


2 ^ij 

tgF jeP 
n 


= 1 


X . • = 0 or 1 


V n € R 

V n e R: V i e F„ and 

— ’ n 

V j e P 


Let the objective function value for the problem 
P3.3 be Z. If [Z-(Z^-C^)3 ^ 1, then go to the next step 
else to Step 10. 

Find the groups of process plans where one of the process 
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family is represented by process plan k and rest (p-1) 
families by (p-1) process plans belonging to P. Let the 
maximum value of the objective function of these problems 

is Z for P = P + {k} - {k}. If Z > Z^, then go to the 

next step else to Step 10. 

Step 9: Set check = true, = I and P = P. Let k e then set 

R = R + {n} - {n} and S = S + F - F and go to the next 

n n 

step. 

Termination of procedure 

Step 10: If Q is not empty, go to Step 5. Otherwise, go to the 
next step. 

Step 11: If check = false, then stop. Z^ will be the optimal 
objective function value. 

Otherwise, set check = false, Q as the set of all 
process plans not in P and having machine requirements 
different from the plans in P. Go to Step 5. 

6.1.2 SOLUTION METHODOLOGY FOR MATHEMATICAL MODELS APPEARING IN 
THE HEURISTIC 

For a better understanding, consider the problem P3.1 given 
in the Step 4 of the heuristic described in the Section 3. 6. 1.1. 
This problem can be decomposed into jR| subproblems. For n e R, 
these will be: 


Maximize Z^^ 
Subject to: 


X X ^-j ^i 


ieF^ jcP 


1J 


V 

.La 

ief 

n 


y 

Lj 

j€P 


X 


ij 


X. 




= 0 or 1 


V i e F and V j € p. 
n 


1 



The above problem can be solved 


in the following manner. 

^ 1,1 ^ Set x^j = 0 V i e and ¥ j e P 

except for x. . which is set equal to one. Thus, Z = R, .. The 

n i,j. 

objective function value for the problem P3-1 will be equal to 
neR 

In a similar manner, the mathematical models at the Steps 6, 
7 and 8 can also be solved. 


3. 6. 1.3 DISCUSSION ON VARIOUS STEPS OF THE HEURISTIC 

In this section, various steps of the heuristic given in the 
Section 3. 6. 1.1 along with their relevance are explained. Since 
the selection of p process plans to represent p process families 
where each belongs to a different part is a hard exercise for the 
objective of maximization of the sum of RRC of other plans 
assigned in the various groups, the effort is made to first select 
some p process families and then to perturb them in a systematic 
manner to find improvement in the objective function value. 

The Steps 1, 2 and 3 find in somewhat greedy manner the p 
process plans which will represent the p process families. 

Step 4 provides a solution assigning the plans of the other 
parts to these process families. Steps 5 and onwards seek to 
perturb the solution to find a better grouping. For this purpose, 
an additional process plan is chosen to represent a process 
family. There are two possible situations: one where this process 
plan may belong to a part whose some other process plan is already 
representing a process family, and the other in which it belongs 
to a part of which no process plan represents any process family. 
In the first case, for the corresponding part the new plan is 



allowed to represent the process family instead of the existing 
one and the solution is determined. This relates to the Step 6 of 
the heuristic. In the case of improved value of the objective 
function, new solution is retained and the old one is discarded. 
While in the other case, solution is determined finding (p+i) 
groups of process families. This relates to Step 7 of the 
heuristic. Any improvement in the objective function value (i.e. 
(Z-1.0) ^ (Z^-C^) ) indicates that bringing this new plan and 
removing some existing one, for representing p process families, 
may yield a better solution. Actual test is performed as 
described in Step 8. 

Step 10 terminates the procedure only when the induction of 
any process plan for representing a process family does not bring 
improvement in the objective function value. 

In Step 3, selection of a process plan i for representing a 
process family is discouraged if its machine requirements are 
completely common to that of some other process plan, say plan j, 
chosen for representing another process family. This is because 
of the reason that RRC of other plans with respect to j will be at 
least what is that of these plans with respect to plan i. For the 
similar reasons, from Q in Step 5 those plans are also rejected 
whose machine requirements are completely common to process plan k 
chosen to represent a process family. 


3. 6. 1.4 COMPUTATIONAL COMPLEXITY 

The determination of S. in Step 1 requires computation of 

1 ■ , 

\ 

maximum of RRCs of alternative process plans of each part with 
respect to all the other process plans of different parts. The 
computational requirement of this step, and also of determining 



the sequence in Step 2 by arranging the process plans based on the 
value of S^, is polynomially bounded (Tremblay and Sorensan, 
1988). The computational complexity of Step 3 is linear. 

It has been shown in the Section 3. 6, 1.2 that the process of 
solving the mathematical models at Steps 4, 6, 7 and 8 will 

require determination of the maximum of RRC of the alternative 
process plans of each of the unassigned part computed with respect 
to plans representing process families. This procedure would also 
require polynomially bounded computation. 

In case of no improvement in the objective function value, 
the Steps 5 to 10 will be followed for at most (q-p) times, and 
then the procedure will be terminated. Thus, the computational 
complexity remains polynomially bounded. In the other case when 
the Step 5 and onwards bring improvement in the objective function 
value, the procedure will get terminated in polynomially bounded 
time as can be seen from further discussion. 

Let the minimum positive difference between two RRCs of two 
different pairs be d. Since the respective upper and lower bounds 
of the objective function are N and p, Steps 5 to 11 will be 
followed for at most ( + D times. Since the computational 
requirements of the other steps are shown to have polynomially 
bounded complexity, the algorithm will terminate in polynomial 
1 1 me . 

3.6. 1.5 EXAMPLES 

For the illustration of the various steps of the heuristic 
given in the Section 3 . 5 . 1 . 1 , the following examples are taken. 
Example 3.2 


The data for this example are given in Table 3.5. The RRC of 


the various plans computed with respect to each other is presented 
in Figure 3.5. 

The details of the various steps of the heuristic followed to 
solve the problem, are given below. 

Step 1 : The sum of the maximum RRC of process plans of the other 
parts computed with respect to each process plan is: 

{S.} = {5.33, 4.66, 4.16, 5.33, 3.83, 5.0, 2 . 5 , 5 - 0 , 0 . 5 , 
4.66, 3.16, 3.83, 3.16, 4.16, 1 . 33 }. 

Table 3.5: Data For Example 3.2. 



M = 5; N = 7; p = 

2; 

q = 

15 




Alternative 



Machines 


Part (n) 

Process Plan 







(i G F„) 

1 

2 

3 

4 

5 


n 






1 

1 

1 

1 

1 

1 



2 

1 

1 

1 




3 


1 

1 



2 

4 

1 

1 

1 

1 



5 

1 


1 



3 

6 



1 

1 

1 


7 




1 

1 

4 

8 



1 

1 

1 


9 





1 

5 

10 

1 

1 

1 




11 



1 



6 

12 

1 


1 




13 



1 



7 

14 


1 

1 




15 




1 





196 


to 


CO 


C\J 


CTt 


CO 


<D 


lO 


CO 


CM 


lo o o 

CM O O 


lO O CO 
CM O CO 


O CO o 
ID CO O 


o o o o o o 
o o o o o o 


o o o o o o o o o o o o o o 


O <D O 
UO CD O 


O O CO 
ID ID CO 


O CO O 
O CO o 


CD O O O O O 
CD C ID O O O 


O O T- O O O O O O O 'T- O 


ID CO O 
CM CO ID 


ID O CO 
CM ID CO 


OCO O 
O CO O 


CO OO 
CO OID 


o o o 
O to o 


OOOOOOOOOO-r-O-i-OO 


O CD o 
to CD ID 


O O CO 
to O CO 


O CO o 
O CO o 


CD OO 
CD OO 


OO o 
o to o 


oooo-r-ooooo 


T-O O 


to CO O 
CM CO to 


to o CO 

CM to CO 


o CO o 
o CO o 


CO O O 
CO OlO 


o o o 

O ID o 


OOOOOOOOOO’t-Ot-OO 


to o o 
r- o o 


O o CO 
to o CO 


O CO o 
O CO o 


o o o 

O OO 


OO o 
o o o 


O't-T-O-'-OOOO'r-i-T-T-T-O 


O O O 
O O O 


O O CO 
O O CO 


O CO o 
to CO o 


ooo 

ooo 


ooo 
o o o 


o o o o o o o O o o o o o o 


O CO o 
to CO to 


ooo 

ID to O 


OO o 

OOO 


CO OO 
CO O to 


ooo 
O to o 


O O o o o 


T- o 


to o o 
CM o O 


to O CD 
CM O CD 


OCD O 
O CD O 


ooo 

ooo 


ooo 

ooo 


000000 t - 0-»“000 0 0 


O CO o 
ID CO ID 


ooo 
to to o 


ooo 

ooo 


CO OO 
CO OlO 


OOO 
O to O 


OOO 00 ^~ T— m-T— 0 '’~ 0^”0 


O CD O 
to CD ID 


O O CO 
ID O CO 


OCO o 
O CO o 


<D O O 
CD O O 


OOO 

Oto O 


000 0*»--0 0 000 *«^^“’~‘ 


o o 


ooo 

ooo 


O o CD 
O O CD 


O CD O 
to CD O 


ooo 

ooo 


ooo 
OO o 


t-t~OOOOt-t-^t-- 


O CD O 
to CD O 


O O CO 
ID to CO 


OCO o 
OCO o 


CD O O O O o 
CD O ID O O O 


OOt-OOO 0000 ''^ 0''^*»~0 


to o o 
r- o o 


to o CO 
r- o CO 


OCO o 
O CO o 


o o o o o o 
O OO o o o 


O o o O T- 


O O o 
OOO 


O O CD 
O O CD 


O CD O 
to CD O 


ooo ooo 
o o o ooo 


T-OOOOir-^T- 


CM CO to CD r- CX> C 5 > O CM CO xf- to 


1 - 

o 

iL 


•r— 

cr 


L, 

+3 

m 

s: 

X 

43 


+3 

m 

a 

£ 

o 

o 

43 

c 

w 

£ 

0 


3 

CJ 

m 

cc 

0 

> 

43 

cd 

0 

tr 


CM 


CO 


a 
£ 
0 (d 
O X 
h- ill 


^10 

CO 

0 

L. 

3 

m 

-f— 

11 . 












I # 


step 2: The plans are arranged as shown in the sequence given 

below considering {S^} and the number of machine types 
involved with each process plan: 

{1, 4, 6, 8, 2, 10, 3, 14, 5, 12, 11, 13, 7, 15, 9}. 

Step 3: P = {1 , 6}, Q = (|), R = {2, 4, 5, 6, 7}, 

S = {4, 5, 8, 9, 10, 11, 12, 13, 14, 15} and check. = 

false. 

In the above, the process plan 4 is not included in 

P because the machine requirement of plan 4 is the same 

as that of plan 1. Further, the machine requirement of 

all the plans not in P are the same as that of either the 

plan 1 or plan 6, thus Q becomes empty. 

Step 4: Process families are: {1, 4, 10, 12, 14} and {6, 8}. 

Z = 7.00. Step 10 is to be followed, 

o 

Step 10: Since Q is empty and check = false, the procedure is 
terminated. 

The grouping solution of {1, 4, 10, 12, 14} and {6, 6} with 
the objective function value equal to 7.00 is the optimal one. 
Example 3 . 3 

The required data for this example are given in Table 3.6. 
Figure 3.6 represents the RRC of the various process plans 
computed with respect to each other. 

The various steps of the heuristic followed for finding 
solution to this example are as given below. 

Step 1 : The sum of the maximum RRC of process plans of the other 
parts computed with respect to each process plan is shown 

by the following vector. 



Table 3.6: Data For Example 3.3. 
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Figure 3.6: The Relative Requirement Compatibility 

Matrix [R ] For Example 3.3. 
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step 


2: The sequence of the plans arranged given below 

considering (S^) and the number of machine types involved 
with each process plan is: {1,4,6,5,8,10,2,3,7,9}. 

Step 3: P = (1, 5), Q = (8, 3, 7, 9}, R = {2, 4, 5}, 

S = (3, 4, 7, 8, 9, 10} and check = false. 

Step 4: Process families are: (1, 4} and (5, 7, 10}. = 4.50. 

Step 10 is to be followed. 

Step 10: Since Q is not empty. Step 5 is followed. 

Step 5: k = 8, Q = (3, 7, 9}. Since k e S, Step 7 is followed. 

Step 7: n = 4, = 0.5, P = {1, 5, 8}, R = {2, 5}, and 

S = {3, 4, 9, 10}. 

Process families are: {1, 4}, {5, 10} and {8}. Z = 5.0. 
Since [Z - (Z^ - C^)] = 1.0, Step 8 is followed. 

Step 8: The two sets of process families and the corresponding 

objective function values are as follows. 

Set 1: Process families are, {1, 4, 6} and {8, 9} for 
Z = 4.5. 

Set 2: Process families are, (5, 3, 10} and (8, 2} for 
Z = 4.5. 

Since Z < Z , Step 10 is followed, 
o 

step 10: Since Q is not empty. Step 5 is followed. 

Step 5: k = 3 and Q = {7, 9}. Since k e S, Step 7 is followed. 

Step 7: Again no improvement is found, Step 5 is finally 

followed. 

Step 5: k = 7 and Q = *1^. Since k ^ S, Step 7 is fol lowed. 

Step 7: n = 4, C = 0.5, P = (t. 5, 7}, R = {2, 5} and 


C> V \J' 


S = {3, 4, 9, 10}. 

Process families are: {i, 2}, {5} and {7, 9}. 1 = 5. 

Since [Z - (Z^ - C^)] = 1 , step 8 is followed. 

Step 8: The two set of solutions are; 

Set 1: Process families are, {1, 4, 6} and {7, 9}. 

Z = 5.0. 

Set 2: Process families are, {5, 1, 3} and {7, 9}. 

Z = 4.0. 

Therefore, Z = 5.0 for P = {1, 7}. Since Z > Z , Step 9 

o 

is followed. 

Step 9: Set check = true, Z^ = 5.0, P = {i, 7}. Since k = 5 and 

n = 3, R = {2, 3, 5} and S = {3, 4, 5, 6, 9, 10}. Step 10 

is now to be followed. 

Step 10: Since Q is empty. Step 11 will be followed. 

Step 11: Since check = true, then P= {1, 7}, Q= {3, 5, 8, 10}, 

R = {2, 3, 5} and S = {3, 4, 5, 6, 9, 10}. Step 5 will 

now be followed. 

Further steps do not bring improvement. Therefore, 
the grouping solution of {1, 4, 6} and {7, 9} with the 
objective function value equal to 5.0 will be the optimal 
one. 

3.6.2 Generalizations of the Heuristic 

In the following subsections, some problems are^ discussed 
which can be solved using the heuristic proposed in the Section 
3. 6. 1.1 after making certain modifications. The various pToblems 
in terms of the additional constraints are given in the following 
subsections along with the necessary modifications to be 
incorporated into the heuristic. 


3.6.2. 1 CONSTRAINT ON THE MAXIMUM NUMBER OF PARTS IN A GROUP 

In this case, the specified number of groups of the process 
plans are to be determined such that the number of process plans 
assigned in each of the groups is less than or equal to some 
prespecified number P^j. The problem can be expressed as given 
be low. 


Maximi ze 


i = 1 j = 1 


TJ TJ 


Subject to: 


X X ^ij = 

ieF j = 1 


= 1 


n = 1 , . . . , N 


X ""jj = p 

j=1 


= |minimum [(N-p+D.P^jljxjj j = 1, 


. q 


X . . = 0 or 1 
TJ 


i , j = 1 , .... q 


The above formulation is the same as given for the model 
M3. 5(c) in the Section 3. 5. 1.1. For this model, the necessary 
modifications required to be incorporated into the heuristic are 
as follows. 

If p^ i (N-p+1), then no modification is required and the 
heuristic can be used as it is. However, if Py < (N-p+1), then 
the constrai nt 


V Y X ^ P -1 , 
^ij ^U 
ncRieF •'J 
n 


V j e p, 


is to be added to the problems P3.1 and P3.2, and the constraint 
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I 

neR 


I 



V' 


V j e P 


to the problem P3.3. 

Similarly, suitable constraints are to be incorporated for 
the problems to be solved in the Step 8. In the right hand side 
of the above constraints, the number is P^^-l . It is because of 
the reason that to each process family one process plan which 
represents it, is already assigned. 

After the incorporation of the constraint described above, 
the problems at the Steps 4, 6, 7 and 8 assume the structure of an 
unbalanced transportation problem which can be solved efficiently 
and easily. 

The other steps of the heuristic will remain the same. 


3. 6. 2. 2 CONSTRAINT ON THE MINIMUM NUMBER OF PARTS IN A GROUP 

In this case, the required number of groups are formed 
ensuring that to each of these groups some minimum prespecified 
number of plans P|^ are assigned. This problem is the same as 
described by the model M3. 5(b) and is expressed as: 


q q 


Max 


imize Z H i i 
i = 1 j = i ■'J 


Subject to: 


i€F j=1 
n 




n = 1 , . . . , N 


y X . ■ = p 

j = l Q 

\ ^jj ^ 


j = 1 , . . . . q 
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Corresponding to the above formulation the problems P3.1 in 
the Step 4 of the heuristic will be as described by the following 
model . 


MODEL M3 .9(3) 


Max 


imize II In X.. 

neR 1€F„ jeP ’-J 

n 


Subject to; 


L .L '‘ij = ' 


ieF^ jeP 


I .1 X. . ^ Pl - 1 
neR ieF^ ^ 


E E X. . i |n-[(p- 1 )P +1] 
neR ieF ^ ^ 


X . . = 0 or 1 

• \J 


(3.83) 


V n e R (3.84) 

■V j e P (3.85) 

V j e P (3.86) 

V n e R; 

V i e F_ and 

n 

V j e p. (3.87) 


The constraint (3.85) takes care of the restriction on 
minimum number of parts to be assigned to each group. The 
constraint (3.86) puts an upper bound on the assignments of plans 
to process families. Since to a process family j one plan is 
already assigned and to the remaining (p - 1) families at least Pj^ 
plans are to be assigned, the maximum number of process plans left 
to be assigned to plan j, therefore, will be equal to 
[N-{(p-i )p^+l }] . Because of this reason, the number after the 
inequality in the constraint (86) is EN-{(p-1 )Pj^-»-1 }] . 
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The constraints (3.85) and (3.86) can be written as: 

nL iip ■ "j = '’l - ' v j £ p (3.88) 

n 

and ^ + V. = N - [(p-1)P + i] V j e p (3.89) 

nGR lep 'J J L 

n 

where u j , Vj ^ 0 and integer V j e p. (3.90 ) 

From the equations (3.88) and (3.89), the following is obtained 

Uj + Vj = N - pPl V j e p (3.91 ) 

Further, from the equation (3.84) 

ZEE X.. = (N - p), (3.92) 

neR ieF jep 
n 

and from the equation (3.88) 

E E E X.. - 5] u. = p(P - 1). (3.93) 

neR ieF jeP jeP ^ 

n 

Therefore, from the equations (3.92) and (3.93), 

I u . = N - pP, . (3.94) 

jeP J 1- 

In view of the above expressions and simplifications, the 
grouping problem represented by the model M3. 9(a) can also be 
expressed by the following model. 

MODEL M3.9fbl 

Maximize EE E ><ij 

neR ieF jeP 
n 

Subject to: (3.84), (3.89), (3.91), (3.94), (3.87) and 

(3.90). 

The structure of the above problem is as that of a balanced 
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transportation problem. The transportation matrix corresponding 
to th© ©bov© “Formulation is givsn in Figure 3 7 

In the Figure 3.6, to corresponds to the indices 

representing p process families. Let i , k € R, and k be the last 
part in R. The constraint (3.84) is represented together by the 
columns of Block A and the rows of Block III. The rows of Block -I 
represent the constraint (3.89). The constraint (3.91) is 
represented by the columns of Block B, while the row of Block II 
represents the constraint (3.94). 

In the model M3. 9(a), in fact, the constraint (3.86) is not 
required. However, it is used to make the problem more tighter. 
As can be seen from the preceding paragraph that the incorporation 
of this constraint provides the problem the structure of a 
transportation problem which can easily be solved. In case, the 
constraint (3.86) is not included, the formulation of the problem 
(the model M3. 9(a)) after certain simplifications will be as given 
in the following model. 

MODEL M3. 9(c) 

Maximize E E Z R.;.; Xj ^ (3.83) 

neR iGF^ jep 

Subject to:(3.84), (3.88), (3.94), (3.87) and (3.90). 

The above formulation possesses the property of total 
unimodularity. Therefore, the solution to the LP relaxation of 
the problem will itself be optimal to the original problem. 

Either of the methods described above can suitably be used 
for the modified problem P3.2 and P3.3 (in the Steps 6 and 7 of 
the heuristic) which includes the requirement on the minimum 
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number of parts in a group. The formulations of the problem P3.3 
obtained after modifications will be similar to that given by the 
models M3. 9(b) or M3. 9(c) with P replaced by P, R by R and p by 

(p+1). 

It should be noted that the modifications made above at Step 
7 will require N ^ (p+1)P|^. in case this condition does not hold, 
instead of solving the problem P3.3 in Step 7 of the heuristic, 
Step 8 should immediately be followed. 

3. 6. 2. 3 CONSTRAINTS ON THE MINIMUM AND THE MAXIMUM NUMBER OF 
PARTS IN A GROUP 

In this case, the formulation of the problem is the same as 
given in the model M3. 5(d) and is expressed as: 

q q 

Maximize ^ ^ R.:.: x-- 

i = 1 j = i ‘‘J 

Subject to: 

E n=1,...,N 


""jj = P 
j = 1 


P, X . . i 
L JJ 


q r 1 

J X— ^ |minimum [ (N-p+l ) , p^] | x^^ 


j = 1 


x*'— Oorl " 1 , 3 “!, ...jQ. 

* 

In the above formulation, if Py ^ (N-p+1), then the 

constraint on the number of parts in a group will be non binding 

and the problem will be equivalent to that represented by the 

model M3. 5(b) . For a case of this kind, the solution rrethodology 
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discussed in the Section 3. 6. 2. 2 can be used. 

In case when < (N-p+i)^ problem P3.1 at Step 4 of the 

heuristic will be as described by the following model. 


MODEL M3. 9(d) 


Max 


II 5 : R X.. 
nep iep^ jep 


Subject to: 


E I X. . = 

leF jep '' 


= 1 


I I Xij ^ Pl - 1 

neR leF 


E E X.. ^ Py - 1 

neR ieF ^ 

n 

X . . = 0 or 1 

1 vi 


V n e R 

V j G P 

V j e p 

V n e R; V i e F 

n 

and V j e p. 


Certain constraints in the above model can be simplified in a 
manner used for transforming model M3. 9(a) to M3. 9(b). The model 
after simplification will be as given below. 


MODEL M3. 9(e) 


Maximize E E E P-ii x.:i 
neR iep^ jep •'J 


Subject to: 


,L = 


ieF^ jeP 


J X Xij ^ ''j = V' 

neR ieF •' 

n 


V n e R 

V j e p 
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j + Uj = -p^ 

Uj = N - pPj_ 


.E 

jeP 


V j e p 


X— =0or1 VneR;VieF^ and 

V j e p 

u j j Vj i 0 and integer V j e p. 

The above model also has the basic structure of a 
transportation problem. Thus, this model can also be represented 
in the form of a transportation matrix similar to that shown in 
the Figure 3.7. However, the supply values for the rows of Block 
I will be (Pjj-1) instead of [N-(p-1 )P^-1 ] , and the requirement 
values for the columns of Block B will (Py-Pj_) instead of (N-pP^^). 

In a similar manner, the problems P3.2 and P3.3 to be solved 
at Steps 6 and 7 of the heuristic can be modified to suit the 
requirements of the present grouping problem. The formulation for 
the problem P3.3 will be similar to that in the model M3. 9(e) with 
P replaced by P, R by R and p by (p+1) in this model. 

In this case also, the above modification will require N i (p 
+ 1)P|^. If this restriction is not satisfied, the problem P3.3 
should not be solved at Step 7, and Step 8 should be followed 
immediately. 

3.6.3 Lagrangian Relaxation Method 

As mentioned in the beginning of this section, the 
mathematical models reported and developed in the Sections 3.2, 
3.4 and 3.5 are NP-Complete. Such integer programming problems 
can be solved efficiently if the complicating constraints (i.e. 
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the constraints that tend to turn the problem as NP-complete such 
as the constraints on assignment of process/route plans, 
disjointedness of groups, etc.) are relaxed. One of the most 
popular relaxation is based on Lagrangian Multipliers. The 
advantages and methodology of Lagrangian relaxation for solving 
various NP-complete problems have been discussed in length by 
Fisher (1981). The approach has also been described in detail by 
Geoff rion (1974) and Shapiro (1979). To solve the problems based 
on Lagrangian relaxation, subgradient algorithm proposed by Held 
et al (1974) can be used. 

In the following subsections, two different grouping 
problems are considered and the formulations based on the 
Lagrangian relaxation are given. The first problem relates to the 
determination of part families considering the limits on the 
maximum and the minimum number of parts. The second problem 
relates to the simultaneous determination of groups of parts and 
machines considering (i) the limits on the maximum and the minimum 
number of parts, (ii) the limits on the maximum number of machines 
that can be assigned to a group, (iii) the limit on the total 
number of machines of each type, (iv) the restriction on group 
disjointedness and (v) the load on machines. 

3.6.3. 1 DETERMINATION OF PART FAMILY ONLY 

The problem of determination of part family with the related 
constraints is the same as given in the model M3. 5(d). In case 
when each part has only one process plan (i.e. q = N), and when 
there are no limits on the ..mber of parts in a group, the problem 
can be represented by a simplified version of the model M3. 5(a) 
(by taking the index of the parts and the process plan to be the 



same) and is written as: 


21 1 


MODEL M 3^1 1 

Maximize r .. ^3 3^, 

Subject to: 

N 

• ^ j = ■' i = 1 , . . . , N (3.96 ) 

j * 

N 

= P (3.97) 

J = 1 

N 

X ^ii ^ (N-p+1) X.. j = 1, . N (3.98) 

T = 1 '"J JJ 

= 0 or 1 i,j = 1 , N. (3.99) 

The above model is the same as proposed by Kusiak (1983). 
From his model (Model M3. 12) described below, it can be noted that 
the constraint (3.98) of model M3. 11 is replaced by the constraint 

(3.101) and the measure of commonality R- . of model M3. 11 by d.. 

• , J ”1 3 

in the objective function expression. Further, the objective of 

minimizing the sum of the distances (dissimilarity) defines as d-- 

■» J ■ 

(total number of machines minus simple matching similarity value) 
for a pair of parts i and j is equivalent to maximizing the sum of 
the similarity between parts. Thus, the two models are ec nvalent. 

model M^ 12 

N N 

Minimize J X d. . x-. 
i = 1 j = i 


(3.100) 
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Subject to: 

i = 1 , . . . , N 


i , j = 1 , . . . , N (3.101) 

* 1 > ...j 

Kusiak proposed a Lagrangian relaxation of the model M3. 12 
where the constraint (3.96) is dualized. The resultant problem 
after relaxation is as given below. 

N N N 

(LR.) Maximize 1 - Y. E ^^ii"^i^^ii + E 
' i = 1 j = i ^<3 ^ i = i ^ 

Subject to: (3.97), (3.101) and (3.99), 

where the dual variables u^® associated with the constraint (3.96) 
are unrestricted. 

It can be recalled from the discussions made in the preceding 
paragraphs and also from the elaborations given in the Section 
3.4.1 that the constraint (3.98) and (3.101) are equivalent. 
Since the constraint (3.101) is similar to a Knapsack constraint, 
the problem LRy will be NP-complete. Thus, finding the solution 


N 


.E Xii 

j = 1 


= 1 


N 


T. ‘‘jj = p 


J = 1 


^1j ^jj 


X . . = 0 or 1 

* W 
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of this problem even for the known values of u.® may not be a 
simple task. However, if the constraint (3.101) is dualized then 
the related problem will be: 


(LR2) 


Maximize Z = 


Subject to; 


N 

.I 

1 = 1 


N N 

I (d. +u )x + I 

J = 1 ir1 

ji^i 


d . • X . . 
n 11 


(3.96), (3.97), (3.99) and 

U.jj2:0 i,j = 1,...,N. 

For some known values of u..®, the above model will have the 

property of total unimodularity and thus LP relaxation of this 

problem will provide an optimal solution even to this problem LR 2 . 

2 

Further, the relaxation of the above problem requires use of N 
number of u.. variables. If the constraint (3.98) is used instead 

* lj 

of the constraint (3.101), then the relaxed formulation is as 
given below. 


(LR 3 ) 


Maximize Z = 


N 

y 
. ^ 
i = 1 


N 

.E. 

J = T 

j#i 


(d . .+u . )x . . 
ij J iJ 


N 




Subject to: 

(3.96), (3.97), (3.99) and 

U'^0 j— 1,...,N 

The formulation in LRg requires only N number of Uj 
variables. 

Thus, for solving the model M3. 5(d) which considers 


the 
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problem of determination of groups of process plans including the 
constraints on the number of parts in a group, the cor -1 icating 
constraints would be relaxed in a manner similar to that suggested 
in the above paragraphs. For the convenience, the formulation of 
the process family formation is reproduced here. 


(P^ ) 


Maxi mi ze 


i=1 j=1 




Subject to: 

q 


• ^ ^ij = ■' 

ieF j=l 
n 


j = 1 
q 




i=1 ^ 


^ij ^ Pl ^j 


i=1 


JJ 


X . . = 0 or 1 


n = 1 , . . . , N (3.102) 

(3.103) 

j = 1 , . . . , q ( 3 . 1 04 ) 

j = 1 , . . - , q (3.105) 

i , j = 1 , . . . , q. (3.106) 


In place of P^j in the right hand side of the const *-aint 

(3.104) , in fact, (min [P^, (N-p+1)3) should have been. But 

assuming that upper limit on the number of parts is a meaningful 
one (i.e. > (N-p+1)), only P^ is included. 

On dualizing the complicating constraints (3.104) and 

(3.105) , the relaxed problem will be: 


(LR^) 


Z_ = Maxi mi ze 


q 


q 

V 


R 


i=1 j=1 


ij 1J 


q 

y 

Li 

j=l 


u. 


q 

y 

LJ: 

i = 1 


13 


- P 


U 
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^ ''J "’L XJJ - Xij) 


= Maximize ^ f (R.. + u- - v.) x- • 
i=1 j=i J J ij 


(3.107) 


3*1 




Subject to: 

(3.102), (3.103), (3.106) and 

Uj , Vj i 0 and integer j = 1, ,.., q. (3.108) 

The solution to the problem LR^ provides an upper bound for 

the objective function value of the problem , hence it will be 

desirable to minimize Z . The best choice of u and v can be found 

r 

from the following. 

The corresponding dual problem will be: 

(D ) Z = Minimize Z 
u, v 

Subject to: (3.102), (3.103), (3.106) and (3.108). 

It should be noted that the model LR^ for some known values 

of u . ® and v.*®, will have the property of total unimodularity , 
*3 J 

and thus solving it as an LP problem one can get the optimal 

solution for LR^.. To solve the problem D. , an aTgorithrri based on 
4 t 

the frarnework of the subgradient optimization procedure is used. 
The various steps of the algorithm are given below. 

Algori thm.'/"'' 


21 6 


Step 0 


Step 1 

Step 2 

Step 3 

Step 4: 

Step 5: 
Step 6: 

Step 7: 


Set k = 1, = 0 V j, Vj = 0 V j, LB° = 0.0, UB®= N and 

= X°, where 

u. : value of dual variable u. at iteration k 

J 

V. : value of dual variable v. at iteration k 

J 

LB° : initial lower bound 

UB° : initial upper bound 

X : value of the scalar at iteration k 
(0.0 i X® i 2.0). 

Solve the problem LR^ for the current set of multipliers 
k k R 

u and V . Let x be the optimal solution and the 

k k 

optimal objective function value be Z^(u , v ). 

Update the upper bound: 

link . . riink-1 / k k., 

UB = minimum [UB , Z^(u , v )]. 

k k k 

If X is feasible to , then set Zp = Zp(x ) and go to 

k 

the next step. Otherwise, modify x to get a feasible 

solution for the problem . Let the modified solution 

k k k 

be represented by x . Set Zp = Zp(x ) and go to the next 
step. 

Update the lower bound: 

LB*^ = maximum [LB^ \ Zp(x^)]. 

k k 

Determine the value of X . If X ■*' ^-1 • stop. 

If (UB*^ - LB*^)/Lb'^ < € 2 * then stop. Otherwise, go to the 
next step. 

Compute the subgradients: 
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P.,.xH 


''TJ 




= I x*^. - 
1 = 1 


P, .x^ 

L 33 


Step 8: Compute the step size: 


fX = 


q 

I 

j = 1 




fj) 


3 = 1 , ■ . . , q 


•3 ** q 


j “ 1i*««j q 

j = 1 , q 


In the 

Steps 

5 and 6, the two 

numbers 

and 


characteri zi ng 

the 

convergence define the 

termination 

of 

the 


algorithm. The values of these numbers are to be specified by the 

user. The details on the determination of the modified values of 

k 

(at the Step 5) and that on the stopping criterion (at the 
Steps 5 and 6) are given by Held et al (1974) and Geoffrion 
(1974). 

The solution to the dual problem at the Step 1 can be 
determined by solving the model LR^ as an LP. Since the simplex 
method for solving LP problem is not polynomial ly bounded and the 


Step 9: Update the Lagrange multipliers: 


k+1 k k k 

u. = maximum (0, u . + f g.) 
J J j 


vl^'*’^ = maximum (o, v^ + f^h!^) 

vJ si %J 


Set k = k + 1 and go to Step 1 
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solution to the dual problem provides an upper bound to the primal 
problem PI, to reduce the computational complexity a polynomially 
bounded procedure can be used for solving the dual problem but at 
the cost of a higher objective function value. 

Given below is a heuristic for solving the problem LR^. The 
methodology discussed thereafter can be used at step 3 for finding 
a feasible solution to the problem P^ at step 3. 

Method for Sol vi ng the Dual Problem 

For the purpose of solving the problem LR^ at step 1, a 
method based on the concepts of the heuristic given in the Section 
3. 6. 1.1, is proposed. Various steps are as follows. 

(i) For each j e F^ and n = 1 , . . . , N f i nd 


S. = y -Imaximum (R..+u.-v.)^ + [R..-u.(P -1) + v.(P, -1)]. 
J ritl l-jeF TJJJj JJJb jL 

n?^n " 


(ii ) 

Sequence 

the 

plans ( j = 1 , 

. , q) in the 

order of 


decreasi ng 

val ue 

of S.® determined 

in (i) above. 


(iii) 

The f i rst p 

process plans in 

the sequence 

and each 


belonging to different part are chosen to represent the 
process families. Let P denote the set of indices of 
process plans that represent p process families, and R 
denote those parts whose no process plans represent any 
process family. Now for each part n g R, the index of the 
process plan^ j_ ^ and that of the group ^ P to which 
i will be assigned, can be determined as follows. 
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R. . = maximum (r +u -v.) v n c R 

ieF^;j£P TJ J J 

Method fo r; FI ndl hr Feasible Sol ut i on for the Primal Probi em 

The need for finding a feasible solution to the primal 
problem P^ arises when the solution obtained for the dual problem 
at the Step 1 is not primal feasible. The feasible solution can 
be obtained in a manner given below. 

Denote the set of indices j representing process families, 

* S k 

i.e. of those j for which x.. = 1, as P. It should be noted 
that the total number of elements in the set P will be p and equal 
to the required number of process families. Let R denote the set 
of those parts of which no process plan represents any process 
family. The problem of assignment of process plans of parts (n e 
R) to the groups (j e P) is the same as solving the model M3. 9(d) 
discussed in the Section 3. 6. 2. 3. 

3. 6. 3. 2. SIMULTANEOUS DETERMINATION OF GROUPS OF PARTS AND MACHINES 

The problem of simultaneous determination of groups of parts 
and machines with the constraints on the number of the maximum and 
the minimum number of parts in a group, the maximum number of 
machines in a group, the number of machines available of each 
type, the load on the machines and the disjointedness of the 
groups, can be written as: 

q q 

(Po) Maximize Y Y R^ ^ x . • 

i = 1 j=j 
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Subject to: 

(3.102), (3.102), (3.104), (3.105) and 


m?i ^ "u 


j “ 1^ C| ' (3,109) 




J = 1 


m = 1 , . . . , M (3.110) 




j = 1 , . . . , q (3.111 ) 


X . . = 0 or 1 

’ J 


i , j = 1 , . . . , q . 


Z^j 4 0 and integer m=1, ...,M (3.112) 

j = 1 , . . . , q. 


On dualizing the constraints (3.104), (3.105) and (3.111) 

the relaxed problem is: 


q q 


M 


(LR^) = Maximize J] I (R. • + u. - v. + w^. t.^) x 


i=1 j=1 
j?=i 


U J J mj im' ij 


M 


.i, ^ ii “n,j ’^jml Xjj 

w * 


ii j?, “"-j "" ""j 


Subject to: 


(3.102), (3.103), (3.109), (3.110), (3.106), (3.108), 


221 


(3.112) and w . ^ 0 
mj 


m = 1 , . . . , M; 
3 ■” I 5 d 


(3.113) 


The problem can be decomposed into two subprobl 


ems as given 


below. 


(SP^) = Max 


q q M 

imize I I (R + u. - V. + % t. ) x,, 

1 = 1 j = 1 J J mj im ij 


J/T 


M 


.E [R.. - u.(p - 1) + v.(P - 1) + r w^. t. ] X.. 
j = 1 JJ J u J L mj jm jj 

Subject to: (3.102), (3.103), (3.106), (3.108) and 

(3.113). 


(SP^) 1^2 ~ Maximize 


M q 

.S. ''^mj '*'m ^mj 


m= 1 j = 1 


(3.114) 


Subject to: (3.109), (3.110), (3.112) and (3.113) 


It can be observed that the problem SP^ is similar to the 

problem LR^, thus the solution methodology discussed before for 

solving the problem LR^ can be used for SP^ . 

Further, in the problem SP 2 , and w^^ are nonnegative. 

Thus, for the objective as described by the expression (3.114), 

the variable Z . will be always equal to zero for all m and for 
mj 

all j. Moreover, for the determination of a feasible solution to 
P.| from the dual solution, one would be required to solve, in 
fact, the problem itself. Thus, for the case of simultaneous 
grouping Lagrangian relaxation will not be advantageous and it 
will be better to solve the problem P.^ itself. 
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3.6.4 Some Comments 

Following are the few remarks and suggestions regarding the 
use of the heuristic described in the Section 3. 6. 1.1, and also 
regarding the approach for grouping of parts and machines. 

3.6.4. 1 INCORPORATION OF OTHER COMMONALITY MEASURES IN THE 
HEURISTIC 

The heuristic in the Section 3. 6. 1.1 is described using RRC 
as a measure of commonality. However, the other commonality 
measures can as well be used in the procedure. At the Step 7, the 
condition for checking the improvement in the objective function 
value will be {Z-(Z^+C^)} i Sj^j^ (keF^) where Sj^j^ is the value of 
commonality measure for the k^ process plan determined with 
itself. 

3. 6. 4. 2 GROUPING APPROACH 

The simultaneous determination of part family and machine 
cell requires a large size problem to be solved. Further, the 
computational requirements may grow at increasing rate if 
additional features, such as machine capacity, cell size [ 
restrictions, etc., are to be incorporated. Thus, to reduce the 
computational burden, the groups of parts and machines can be 
determined in a hierarchical manner. 

' I 

In the hierarchical approach proposed by Gunasingh and 
Lashkari {1989a) the machines cells are determined first and then | 
to these machine cells parts are assigned. The problem of machine ; 
cell determination is formulated as a p-median problem, whereas ■ 
that of the assignment of parts to the machine cells as a 
generalized assignment problem. 

It should be noted that the approach suggested by Gunasingh -| 
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considered in the present work. The environment considered by 
them deals with the grouping problem where each operation of a 
part requires only one tool type and no two operations of a part 
require the same tool type. An operation is performed on any of 
the machines which supports the required tool type. The present 
grouping environment is a general one, in that it allows the 
processing of an operation using more than one tool type on the 
same or different machine types. The compatibility measure used 
in their models cannot accommodate such generalities. Thus, the 
hierarchical approach of Gunasingh and Lashkari (1989a) which 
determines the machine cells first cannot be adopted in the 
present context. 

The problem of grouping in a general situation as mentioned 
above, however, is to be solved by first determining the groups of 
process plans (i.e. part family) and then assigning machines to 
such families. The formulation of the problem for the 
determination of groups of process plans considering the limits on 
the number of parts in the groups is and extended version of the 
p-median problem which can be solved using the heuristic proposed 
in the Section 3. 6. 1.1 or some mathematical progranmiing technique 
as described in the Section 3.6.3. 1. After the part family has 
been determined, machine cells can be obtained by assigning 
machines to the various part families considering various related 
factors such as the number of machines available of each type, the 
limit on the size of each machine cell, the total number of 
machines in the production system, etc.. 

The machine assignment problem can be described by the 
■following model using two new notations Aj^^ and Xj^^ defined 


-I- 
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P M 

Maximize Y T A, x, 
k=1 m=l km 


Subject to: 


k=1 


^km ^ iNmi 


m = 1 , .... M 


( 3 . 115 ) 


M 


? ^km ^ 

m= 1 


^ 1 J. m m m y P 


{ 3 . 116 ) 


M 


m=1 


^km ^ 


k = 1 , . . . , p 


( 3 . 117 ) 


M p 

^ ^ ^km ^ 

m=1 k=1 


( 3 . 118 ) 


where, 

A 


km 


the sum of absolute requirement compatibility of parts 
in group k for their selected process plans computed 
with respect to machine m 


'km 


= i 


f 1 if to group k machine m is assigned 


0 otherwise. 


The incorporation of absolute requirement compatibility 
in the objective function expression will try to reduce the inter- 
cell movements. For this purpose, absolute requirement compatibil- 
ity (ARC) should be calculated based on the number of operations. 
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Ths 3bov© rnodsl can also b© writtsn 
equivalent form. 


in th© following 


p M 

Maximiz© I a.„ x. 

k=l m=1 


Subj©ct to 


k=1 


^km ^ 


m = 1 , .... M 


M 

I 

m=1 


Xkm + “k = Mu 


k = 1 




k = 1 , . . . , p; 


I V. i - pM, 


k=1 


*^k’ '^k ^ integ©r k = 1, .... p 


X, = 0 or 1 
km 


k 

m 


1 , . 

1 , . 


, p; 

, M 


Th© variabl©s u. and v, ar© the surplus and slack variables 

k k 

associated with the constraints (3.116) and (3.117), respectively. 

Th© formulation given above possesses totally unimodular 
matrix, and has the structure of a unbalanced transportation 
problem except for the constraint on the value of which can 

only be binary. Because of this reason, it may not be simple to 

find the solution to the this problem. 
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3.7 NUMERICAL EXAMPLES 

In this section, certain examples are presented to illustrate 
the various models developed in the Section 3.5. These problems 
are solved on IBM compatible PC/AT using LINDO software. The 
relative requirement compatibility appearing in the objective 
function expression of the various models is computed based on the 
number of the operations. 

To view the effect of the constraints on the max'imum and the 
minimum number of parts, machine capacity and cell disjointedness, 
let us consider an example (Example 3.4) for which the required 
data are given in. Table 3.6(a) to 3.6(c). In the Table 3.6(c), 
other possible alternative process plans for the various parts are 

Table 3.6(a): Value of Certain Parameters (Example 3.4). 


Parameter 

Notation 

Value 

Number of groups to be formed 

P 

2 

Total number of process plans 

q 

15 

Total number of machine types 

M 

5 

Total number of parts (N) 

N 

7 

Minimum number of machines to 
be assigned to various groups 


3 

Maximum number of machines 
which can be in the system 

^T 

8 

Maximum number of machines 
that can be assigned to a 
group 


5 

Minimum number of parts to be 
assigned to various groups 

Pl 

Ci 

Maximum number of parts that 
can be assigned to a group 

^u 

4 - . 
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Table 3.6(b): 

/ 

Details of 

Machines 

(Example 3.4) 

. 


Machine 

type 

(m) 

Number of 
machines 

(IM) 

Set of 
machines 

m 

Capacity 
of each 
machine 

^^m> 

Total 

capacity 

m 

Cost of a 
single 
machine 

in 

1 

2 

{A1, A2} 

3.00 

6.00 

10.0 

lacs 

2 

2 

{B1, B2} 

3.00 

6.00 

11.0 

lacs 

3 

2 

{Cl, 02} 

3.00 

6.00 

12.0 

lacs 

4 

2 

{D1, D2} 

3.00 

6.00 

13.0 

lacs 

5 

1 

{El} 

3.00 

6.00 

14.0 

lacs 


Table 3.6(c): Details of Process Plans for Various 
Parts (Example 3.4). 


Part 

(n) 

Process 

plan 

(i€F^) 

(Machine type B(i,k), Processing time t(i,k)) 
required for operation k in process plan i 


1 


2 


3 


4 

1 

1 

(1, 

1.50) 

(2, 

1.00) 

(3, 

1.00) 

(4, 

1.00) 


2 

(1, 

1.50) 

(2, 

1 .00) 

(3, 

0.75) 

(3. 

0.75) 


3 

(2, 

1.20) 

(2, 

0.80) 

(3, 

0.75) 

(3, 

0.75) 

2 

4 

(1, 

1.00) 

(2, 

1.00) 

(3, 

1 .00) 

(4, 

1.00) 


5 

(1, 

1.00) 

(1, 

1.00) 

(3, 

0.75) 

(3, 

0.75) 

3 

6 

(3, 

1.00) 

(4, 

1.00) 

(5, 

1.00) 




7 

(5, 

0.50) 

(4, 

1.00) 

(5, 

1 .00) 



4 

8 

(3, 

1.00) 

(4, 

1 .00) 

(5, 

1.00) 




9 

(5, 

0.50) 

(5, 

0.50) 

(5, 

0.50) 



5 

10 

(1 , 

1 .00) 

(2, 

1 .00) 

(3. 

1 .00) 




T1 

(3, 

0.50) 

(3, 

0.50) 

(3, 

1.00) 



6 

12 

(1. 

1.00) 

(3, 

1 .00) 






13 

(3, 

0.75) 

(3, 

0.75) 





7 

14 

(2, 

1.00) 

(3, 

1.00) 






15 

(4, 

0.75) 

(4, 

0.75) 
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not listed simply because of the brevity of the problerTi, and a 
better analysis and understanding of the so'*ution. Different 
problem scenarios considered are given in Table 3.7. The grouping 
solution for these scenarios are presented in Table 3.8, and the 
other statistics in Table 3.9. 


Table 3.7: The Details of the Problem Scenarios Considered 
for Example 3.4. 


Problem 



Restriction on 


SCBna r 1 O 

Number 
i n a 

Maximum 

of parts 
group 

Minimum 

Machi ne 
capacity 

Group 

disjointedness 

Model to 
be used 

1 

— 

- 

- 

- 

M3. 5(a) 

2 

- 

Y 

- 

- 

M3.5(b3 

o 

O 

Y 

- 

- 

- 

M3. 5(c) 

4 

Y 

Y 

- 

- 

M3. 5(d) 

5 

- 

- 

Y 

- 

M3. 5(6) 

6 

- 

- 

- 

Y 

M3. 5(f) 

7 


- 

Y 

Y 

M3.5Cg) 

8 

Y 

Y 

Y 

Y 

M3. 5(h) 
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Table ^. 8 . Grouping Solution for Different Problem Scenarios 
for Example 3,4, 


Problem 

scenario 

Process 
f ami 1 y 

Part 
fami ly 

Cell of 
machi ne 
type 


Objecti ve 
function 
value 

1 

{?,5} 

{6,9,11,13,15} 

{1,2} 

{3, 4, 5, 6, 7} 

- 


7.0 

2 

{2,4,12} 

{6,8,11,15} 

{1,2,6} 

{3, 4, 5, 7} 

- 


7.0 

3 

{1,4,11,15} 

{6,8,13} 

{1 .2,5,7} 
{3,4,6} 

- 


7.0 

4 

{3,5,10,13} 

{6,8,15} 

{1 ,2,5,6} 
{3,4,7} 

- 


7 , 0 . 

5 

{1 ,5,10,12,15} 
{7,9} 

{1 ,2, 5, 6, 7} 
{3,4} 



7.0 

6 

{2,5,10,13} 

{7,9,15} 

{1,2, 5, 6} 
{3,4,7} 

{1,2,3} 

{4,5} 


7.0 

7 

{2,5,10,12,14} 

{7,9} 

{1,2, 5, 6, 7} 
{3,4} 

{1,2,3} 

{4,5} 


7.0 

8 

{3,5.11,12} 

{7,9,15} 

{1,2, 5, 6} 
{3,4,7} 

{1.2,3} 

{4,5} 


7.0 


Table 3.9: Load i 
Shown 

on Machines for the Grouping 
in Table 3.8 (Ex'ample 3.4). 



Problem 

Load on machine 

type 




scenario - 

1 

2 3 

4 

5 



1 3.50 

2 3.50 

3 ■ 2.50 

4 3.00 

5 5.50 

6 2.50 

7 5.50 

8 3.00 

1.00 7 . 50 

2.00 7.50 

2.00 7.50 

3.00 7.50 

2.00 4.50 

2.00 5.50 

3.00 6.00 
2.00 6.00 

2.75 

4.75 

5.75 

3.75 

3.75 

2.75 

1 .00 
2.75 

2.50 

2.00 

2.00 

2.00 

3.00 

3.00 

3.00 

3.00 
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From the solution of the problem scenarios 1 to 4 , the effect 
of the constraints on the maximum and the minimum number of parts 
can be seen. It should be noticed that the solutions obtained for 
the problem scenarios 2, 3 and 4 are the optimal solutions for any 
of these scenarios, e.g. the solution for the problem scenario 2 
is also optimal for the scenarios 3 and 4. 

Further, the load on the machines of type 3 for the scenarios 
1 to 4 is 7.5 and is greater than the available capacity of 6.0. 
However, the introduction of capacity constraint brings the load 
on the machines within the available capacities as can be seen 
from the scenarios 5 to 8. The groups resulted in the scenarios 1 
to 5 will not be disjoint if all the copies of a machine type are 
assigned to only one group. However, with the introduction of the 
constraint on group disjointedness, as in the scenarios 6 to 8, 
perfect grouping solution is obtained. 

Now a different example (Example 3.5) is considered to 
illustrate the use of models M3. 6(a), M3. 6(d), M3. 6(e), M3. 8(a) 
and M3. 3(b). The data for Example 3,5 are given in Table 3.10(a) 
to 3, 10(c). In this case, all the possible alternative process 
plans for each of the parts are listed. The solutions obtained 
from the use of different model are presented in Table 3.11. 

For the problems solved using the models M3. 6(a) and M3. 8(a), 
N given in the Table 3.10(b) is assumed to be the set of machines 

iff',, 

available of type m; while in use of the models M3. 6(d) and 
M3. 8(b), Jn 1 is assumed to represent the numbe-' of maximum 
machines of type m which can be procured. 
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Table 3-. 10(a): Values of Certain Parameters (Example 3.5). 


Parameter 

Notation 

Value 

Number of groups to be formed 

P 

2 

Total number of process plans 

q 

10 

Total number of machine types 

M 

4 

Total number of parts (N) 

N 

5 

Minimum number of machines to 
be assigned to various groups 


1 

Maximum number of machines 
which can be in the system 

«T 

8 

Maximum number of machines 
that can be assigned to a 
group 

% 

5 

Minimum number of parts to be 
assigned to various groups 

Pl 

1 

Maximum number of parts that 
can be assigned to a group 

Pu 

3 


Table 3.10(b): Details of Machines (Example 3.5). 


Machine 

type 

(m) 

Number of 
machines 

<IM> 

Set of 
machines 

Capacity 
of each 
machine 

Total 

Capacity 

(C ) 

' m 

Cost of a 
single 
machine 

1 

3 

{A1, A2, A3} 

3.00 

9 . 00 

10.0 1 acs 

2 

3 

{B1, B2, B3} 

3.00 

9.00 

11.0 lacs 

3 

2 

{C1 , C2} 

3.00 

6.00 

12.0 lacs 

4 

2 

{D1, 02} 

3.00 

6.00 

13.0 lacs 
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Table 3.10(c): Details of Process Plans for Various 
Parts (Example 3.5). 


Part 

(n) 

Process 

plan 

(ieF ) 

n 

(Machine type 
required for 

B(i,k), Processing time t(i,k)) 
operation k in process plan 1 


1 1 


1 2 


1 

1 

(1. 

2.00) 

(2, 

2.00) 


2 

(2, 

2.00) 

(2, 

2.00) 

2 

3 

(1, 

2.00) 

(3, 

2.00) 


4 

(1, 

2.00) 

(2, 

2.00) 

3 

5 

(1, 

2.00) 

(4, 

2.00) 


6 

(1, 

2.00) 

(2, 

2.00) 

4 

7 

(3, 

2.00) 

(4, 

2.00) 


8 

(2, 

2.00) 

( 4 , 

2.00) 

5 

9 

(3, 

2.00) 

(4, 

2.00) 


10 

(1, 

2.00) 

(4, 

2.00) 



H8(b) None 1,4-, 6 7,9 1,2,3 4,5 1 (A1,A2) 3(C1,C2) 

2(B1 ,B2) 4(D1 ,D2) 











234 


For the problem solved using model M3. 6(e), |N 1 is assumed 
to represent the number of available machines of type m and is 
equal to one for all the machine types. The difference between 
the number of machines assigned to various cells and that already 
available, gives the number of additional machines of various 
types which are to be procured- The additional machines of type 
1, 2 and 4 are 2, 1 and 4, respectively. 

Example 3.5 is also used to illustrate models M3. 7 (a) and 
M3.7{b). The use of these models requires input about route 
plans. The route plans corresponding to Example 3.5 are given in 
Table 3.12. The M.j. is taken to be equal to 10; or in other words, 
the constraint on total number of machines was made ineffective. 
The solution to this problem is presented in Table 3.13. 

It can be seen from the input data and the machine capacity 
constraint (72) that the route plans 10, 14 and 18 will never be 
selected for assignment. Further, on comparing the solutions 
shown in the Tables 3.11 and 3.13 and obtained using the 
respective models M3. 8(b) and M3. 7(b), it can be observed that the 
model M3. 7(b) does not make use of the remaining capacity of the 
machines of type 1 and 2 and asks for extra investment of Rs. 
21.00 lacs. Besides the bad solution, the model M3. 7(b) requires 
68 route plans to be considered as compared to only 10 process 
plans considered by the model M3. 8(b), and handles unnecessarily a 
much larger size problem. This illustration clearly establishes 
inferiority of the model M3. 7(b) over M3. 8(b). 
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Table 3.12: Details of Route Plans for Various Pa’^ts CE<ap;ple 3.5). 


Part Route 
Plan 

Operation 

Part Route 
Plan 

Ooer 

at 1 

1 

2 

! 

2 

1 1 

(A1 ,2.0) 

(B1 ,2.0) 

3 34 

(A1 ,2.0) 

(D1 ,2.0) 

2 

CA1 ,2.0) 

(B2,2.0) 

35 

(A1 ,2.0) 

(D2,2.0) 

3 

(A1 ,2.0) 

(B3,2.0) 

36 

(A2,2.0) 

(D1 ,2.0) 

4 

(A2,2.0) 

(B1 ,2.0) 

37 

(A2,2.0) 

( D2 , 2 . 0 ) 

c 

(A2,2.0) 

(B2,2.0) 

38 

( A3 , 2 . 0 ) 

(D1 ,2.0) 

6 

(A2,2.0) 

(B3,2.0) 

39 

(A3, 2.0) 

( D2 , 2 . 0 ) 

7 

(A3, 2.0) 

(B1 ,2.0) 

40 

(A1 ,2.0) 

(El ,2.0) 

8 

( A3 , 2 . 0 ) 

( B2 , 2 . 0 ) 

41 

(A1 ,2.0) 

( B2 , 2 . 0 ) 

9 

(A3, 2.0) 

( B3 , 2 . 0 ) 

42 

(A1 ,2.0) 

( B3 . 2 . 0 ) 

10 

(B1 ,2.0) 

(B1 ,2.0) 

43 

(A2,2 .0) 

(B1 ,2.0) 

1 1 

(B1 .2.0) 

( B2 , 2 . 0 ) 

44 

(A2,2.0) 

(B2,2.0) 

12 

(B1 ,2.0) 

(B3,2.0) 

45 

(A2,2.0) 

( B3 , 2 . 0 ) 

13 

(B2,2.0) 

(B1 ,2.0) 

46 

(A3, 2.0) 

(B1 ,2.0) 

14 

(B2,2.0) 

( B2 , 2 . 0 ) 

47 

(A3, 2.0) 

(E2,2.0) 

15 

(B2,2.0) 

(B3,2.0) 

48 

(A3, 2.0) 

( B3 , 2 . 0 ) 

16 

(B3,2.0) 

(B1 ,2.0) 




17 

(B3,2.0) 

(B2,2.0) 

4 49 

(Cl .2.0) 

(D1 ,2.0) 

1S 

(B3,2.0) 

( B3 , 2 . 0 ) 

50 

(C1 ,2.0) 

(02, 2.0) 




51 

(C2,2.0) 

(D1 ,2.0) 

2 19 

(A1 ,2.0) 

(Cl ,2.0) 

52 

(C2,2.0) 

(D2,2.0) 

20 

(A1 ,2.0) 

(C2,2.0) 

53 

(B1 ,2 .0) 

(D1 ,2.0) 

21 

(A2,2.0) 

(Cl ,2.0) 

54 

(B1 ,2.0) 

(02,2.0) 

22 

(A2,2.0) 

(C2,2.0) 

55 

(B2,2.0) 

(D1 ,2.0) 

23 

(A3, 2.0) 

(Cl ,2.0) 

56 

(B2,2.0) 

( D2 , 2 . 0 ) 

24 

(A3, 2.0) 

(C2,2.0) 

57 

(B3,2.0) 

(D1 ,2.0) 

25 

(A1 ,2.0) 

(B1 ,2.0) 

58 

(B3,2.0) 

(02,2.0) 

26 

(A1 ,2.0) 

(B2,2.0) 




27 

(A1 ,2.0) 

(B3,2.0) 

5 59 


(D1 ,2.0) 

28 

(A2,2.0) 

(B1 ,2.0) 

60 


(02,2.0) 

oq 

(A2,2.0) 

(B2,2.0) 

61 

(C2,2.0) 

(01,2.0) 

30 

(A2,2.0) 

(B3,2.0) 

62 

(C2,2.0) 

(02,2.0) 

31 

(A3, 2.0) 

(B1 ,2.0) 

63 

(A1 ,2.0} 

(01,2.0) 

O r\. 

■ ■ „ 

(A3, 2.0) 

(82,2.0) 

! 64 

> 

o 

(02,2.0) 

33 

(A3, 2.0) 

(B3,2.0) 

65 

(A2,2.0} 

(01,2.0) 




! 66 

(A2,2.0) 

(02,2.0) 




67 

{A3, 2.0) 

(01 ,2.0) 




68 

(A3, 2.0) 

(02,2.0) 
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Table 3.13: Solution to Example 3,5 Considering Route Plans. 


Model 

used 

Process 
f ami 1 y 

Part 

family 

Mach i ne 
cell 

Objective 
function value 

M7(a) 

{1,29,48} 

{49,62} 

{1,2,3} 

{4,5} 

{A1 ,A2,A3,B1 ,82,83} 
{Cl ,C2,D1 ,D2} 

7.00* 

M7(b) 

{1,29,48} 

{49,62} 

{1,2,3} 

{4,5} 

{A1 ,A2,A3,B1 ,B2,B3} 
{Cl ,C2,D1 ,D2} 

2|C5|C 

113.00 Lacs 


: Value for the objective of maximization of the sum of RRC. 

: Value for the objective of minimization of the total investment 

3.8 SUMMARY AND CONCLUSIONS 


In this chapter, the formulations of the grouping problem 
proposed by Kusiak (1987) and Shtub (1989) are modified resulting 
comparatively lesser number of variables and constraints. It is 
shown by an example that the models of Kusiak and Shtub may not 
necessarily result perfect grpuping. The grouping problem is 
extended to consider identical machines with or without 
aggregation allowing two or more operations in any process plan to 
use the same type of machine. It is shown that the consideration 
of capacities of machines do play an important role in case of 
generalized grouping with parts having alternative process plans. 
The grouping models developed incorporating the constraints on 
capacities of the machines not only provide groups of parts and 
machines, but also solutions to the loading problems. 

The models have also been developed to integrate the 
generalized grouping problem with the production system design 
problem for determining the number of different kind of machines 
assigned to different cells of production system for cellular 
manufacturing. 


The models developed in this chapter are NP-cr.mplete . 
Efforts have been made to develop heuristic approaches for solving 
such problems. Few of these are based on Lagrangian relaxation. 
Lagrangian relaxation method has not been found suitable for the 
grouping problems at design level. To overcome the complexity for 
solving the problem, a hierarchical method for group formation is 
proposed . 
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CEOTER IV 


Generaiized 


nOATTDTMn 

VJLIVV/Ul XllU 


T Ppop^ ™ 

j i ivv/jujuiji 1 


: Basic Problem As A p-Center Problem 


4.1 INTRODUCTION 

The grouping problem discussed in Section 3.2 of the chapter 
III has the objective of maximizing the sum of similarity of 
process plans computed with respect to the process plan represent- 
ing the corresponding process family. For such a problem, the 
optimal solution may contain a process plan whose similarity with 
the plan representing the corresponding process family may be 
quite low. However, a resonable grouping proceedure should not 
allow the possibility of such occurrences. In such situations, it 
may be desirable to maximize the minimum similarity of a plan with 
respect to the plan representing the process family. In case 
where all the parts have single process plan, the problem will be 
equivalent to a p-center problem. In a p-center problem, the 
objective is to choose as center p nodes from the total N nodes of 
a graph and associate every node out of (N-p) nodes with one and 
only one center such that the minimum advantage of such associa- 
tion gets maximized (Minieka (1977)). For solving these basic 
p-center problems, a number of approaches have been suggested by 
several researchers (Chen (1983), Christofides and Viola (1977), 
Minieka (1970)). In the context of present grouping problem, 
p-centers to be found are equivalent to p parts representing p 
part families, and N nodes are equivalent to total N parts 
considered for grouping. Thus the equivalent p-center problem 
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seeks to maximize the minimum simi Tarty of a part with the part 
representing the corresponding family. 

In the general case where a part has several aTternative 
process plans and out of which only one process plan is to be 
chosen in process family formulation, the grouping problem will be 
an extended form of basic p-center problem. There dose not seem to 
exist any methodology which can directly be used for solving such 
a generalized version of p— center problem. For this purpose, a 
heuristic approach based on the concepts used in the heuristic 
described in the Section 6.1.1 of the Chapter III has been 
proposed . 

In the following sections, first the formulation for the 
generalized grouping problem is presented, and then heuristic 
approach to be used for solving this problem is described. 
Thereafter, examples are given to illustrate the various steps of 
the heuristic. In the last section, summary of this approach is 
presented . 

4.2 PROBLEM STATEMENT 

The problem considered is the formation of prespecified 
number of groups of process plans while maximizing the minimum 

relative requirement capability of a plan computed with respect to 
the plan representing the corresponding process family, and 

selecting only one process plan for part from its several 

alternatives. 

For the mathematical representation of the above problem, the 
notations introduced in the Sections 3.4.1 and 3.6.1 of the 

Chapter III are used with the same meaning and definitions. 
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The problem can be expressed as: 



q 

x.j ^ (N-p+1) Xjj j = 1, .... q 


X . . = 0 or 1 i,j = 1, q. 

* %J 

The above constraints are ths same as for the model M3. 3 of 
the Chapter III. 

4.3 SOLUTION METHODOLOGY 

It can be seen that the problem described by the model M4.1 

is hard to be solved using any mathematical prograrraning 

methodology. For this problem, a heuristic approach is suggested 

which is similar to that given in the Section 3. 6. 1.1. Various 

steps of the heuristic are given in Section 4.3.1, while the 

method for solving the mathematical models appearing in the 

heuristic in Section 4.3.2. Some cormnents on the relevance of 

various steps of this method are presented in Section 4.3.3, and 

on its computational complexity in Section 4.3.4. 

4.3.1 Heuristic for Maximizing the Minimum Relative Requirement 
Compatibility 

Various steps of the heuristic are given below. A flowchart 



showing the detail of the heuristic is given in Figure 4.1. 

of fi proc^ssplans fpr representing process fami lies 

Step 1: For each process plan i, find maximum RRC of process 

plans of each of the other parts computed with respect to 

plan i. Then for this plan i, find the total number of 

parts for which the maximum of RRC with respect to the 

plan i is positive, and denote this number by S.. Thus, 

1 


S. = E M "(maximum (R..jR.. > o.O) 
n=1 L jeF "3’ 

n;4n 


y i € F 

n 

n = 1 , . 


and 
., N. 


Step 2: Sequence the process plans in decreasing order of the 

value of S^ . In case of a tie, plans should be arranged 
in the order of decreasing value of the lowest positive 
RRC of process plans of the other parts. This number for 
a process plan i e F^ is equal to 


mi nimum-l minimum (R.-lR.. > 0.0)>. 
n lj£F„ J’' i 

n#n " 

Further tie should be broken by sequencing the plans in 
the order of decreasing number of the total machine types 
required. In case of further tie, plans should be 
arranged in the order of decreasing value of the largest 
positive RRC of process plans of the other parts. This 
number for a process plan i € F^^is equal to 

minimuriKmaximum (Rj^jR^I > 0.0) >. 
n I jeF^ J 

n#n 

step 3: The first p process plans in the sequence and each 

belonging to a different part will represent p process 
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Flgure4-1 ; Flow Chart for the Heuristic for Determining the Groups 
Uhile Maximizing the Minimum of the Similarity Value. 
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families. A process plan representing a process family 
should not have all its machine requirements common to 
some other process plans chosen for representing process 
families. This should be allowed only when no plan is 
available for such consideration. Now let, 

P = set of process plans representing process families - 

Q = set of remaining process plans (i.e. ¥■ P) whose 

machine requirements are not common to the plans in P 

R = set of those parts of which no process plan 
represents any process family 

S = set of process plans of parts in R 

The plans in Q are arranged according to the 

sequence determined in Step 2. 

Set check = false and go to the next step. 

Determi nati on of initial grouping solution 

Step 4: Solve the problem P4.1, given below. 

Problem P4.1 


Maxi mi ze 


minimum s maximum (R 
neR 




ij ^ij^} 


Subject to: 


ieF^ jeP 


^ij = ■' 


V n e R 


X . • = 0 or 1 


V n e R; V i e and 

V j e p 


Let the objective function value be Z^. Go to Step 


10 . 


Perturbation for improving the current sol ution 

Step 5: Let the first plan in Q be k. Set Q = Q - {k} . Remove 
from Q those plans also whose machine requirements are 
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completely common to that of plan k. If k e S, go to 
Step 7 else to the next step. 

Step 6: Let k be the process plan of a part of which some other 

process plan is in P. That is, k^ P, k ^ P, and k, k 

e F . 
n 

Set P = p + {k} - { k.} . Solve the problem P4.2 

given below. 


Problem P4.2 


Maximi ze 


minimum 

neR 


maximum (R . . x . . ) 

i6F ;j€P •'J 
n - 


Subject to: 


E E X.. = 1 V n e R 

ieF^ jep 

x . . = 0 or 1 V n e R; V i e and 

1 j ^ n 

V j e P 


Step 7: 


Let the objective function value for the above 
problem be Z. If 2 4 z^, then go to Step 10. Otherwise, 
set check = true, P = P, = Z and go to Step 10. 

Let the process plan k belongs to part n, i.e. k e F^^. 
Set P = P + {k}, R = R - {n} and S = S - F^^. Solve the 
problem P4.3 given below. 

Problem P4.3 


Maximi ze 


r— , , 

minimum 

1 ■ J 

i maximum (R.. x..)> 

neR 



Subject to: 


E 


E 

jep 




V n e R 


1 
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^ij = 0 or 1 V n e R; V i e F„ and 

^ ' ri 

V j e P 

Let the objective function value for the problem 
P4.3be Z. If Z > 2^, then go to the next step else to 
Step 10. 

Step 8: Find the groups of process plans where one of the process 
family is represented by process plan k and rest Cp~1 ) 
families by (p-1) process plans belonging to P. Let the 
maximum value of the objective function of these problems 

be Z for P = P + {k} - {k}. If Z > Z , then go to the 

o 

next step else go to Step 10. 

Step 9: Set check = true, Z^ = Z and P = P. Let k e p , then set 

o — — ~ n 

R = R + {n} - {n} and S = S + F - F and go to the next 

n n 

step. 

Termination of procedure 

Step 10: If Q is not empty, go to Step 5. Otherwise, go to the 
next step. 

Step 11: If check = false, then stop. Z^ will be the optimal 
objective function value. 

Otherwise, set check = false, Q as the set of all 
• process plans not in P, and go to Step 5. 

4.3.2 Method for Solving Mathematical Models in the Heuristic 

The problems described by P4.1, P4.2, P4.3 and also those at 
the step 8 are having the same structure, and thus solution 
methodology for each of them will remain the same. In the 
following paragraph, method for solving P4.1 is given which after 
suitable modifications can be used for solving the problems P4.2, 
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P4.3 and the other problems encountered at the Step 8 of the 
heuristic. 

The objective of maximizing the following expression 

minimum i maximum (R.. x..) 

L- neR t ieF ;jeP 

n 

subject to the constraint x^^ = 1 VncRis the same as 

finding for each part belonging to R, a process plan and a group 
for which the relative requirement compatibility of this process 
plan computed with respect to a process plan representing the 
corresponding group is the maximum. It is equivalent to: 

(i) finding R. . = maxinjum (R. .) V n e R and then 

i€F„:j€P 

(ii) setting x . . = 0 V ieF and V j € P except for x. . which is 
set equal to one. 

The objective function value will be equal to minimum of all 

such R. . computed. 

J- 9 

4.3.3 Comments on Various Steps of the Heuristic 

Most of the steps of this heuristic are similar to that 

described in the Section 3. 6. 1.1, and the basic idea behind their 

use is also the same. The steps 1, 2 and 3 try to select in 

somewhat greedy manner a set of p process plans to represent p 

process families. In the Step 2, process plans are sequenced in a 

particular way with the aim to result possibly the best solution. 
Arranging the plans in the decreasing order of the number of parts 

whose maximum RRC values with respect to them is positive, has a 

better chance of resulting higher objective function value. The 

tie resolved on the basis of the decreasing value of the lowest 

positive RRC of other parts indirectly ensures that RRC of the 
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Other parts with respect to plans representing families would be 

high. Further tie broken based on the total number of different 
types of machine reQuired, will naturally provide a better 
compatibility to the requirements of the other parts, and thus a 
higher objective function value. In a good grouping, member 
process plans should have highest compatibility with the plan 
representing processs families. it is for this reason, subseq- 
uent ties are resolved based on the decreasing value of the 
largest positive RRC of process plans of the other parts. 

4.3.4 Computational Complexity 

The heuristic described in the Section 4.2.1 is similar to 
the heuristic described in the Section 3. 6. 1.1. The various steps 
of the two heuristics have almost the same computational 
requirements. Using the analysis similar to that given in the 
Section 3. 6. 1.4, it can be seen that the computational requirement 
of the present heuristic is also polynomial ly bounded. 

4.4 EXAMPLES 

The two examples given in the Section 3. 6. 1.5 of the Chapter 
III are taken for illustrating the use of the heuristic. 

Example 4.1 

This example is the same as the example 3.2. The steps of 
the heuristic followed for solving this example are as given 
below. 

Step 1: For each plan the number of parts, for which the maximum 
of relative requirement compatibility of their 
alternative process plans are positive, is given by the 
following vector. 


step 2: 


{S^} = {6, 6, 6, 6, 6, 6, 4, 6, 1, 6, 6, 6, 6, 6, 4}. 

The sepuence of the process plan Is; 

{1, 4, 6, 8, 2, 10, 3, 5, 12, 14, 11, 13, 7, 15, 9}. 

Step 3: P = { 1. 6 }, Q = <j), R = { 2, 4, 5, 6, 7}, 

S = {4, 5, 8, 9, 10, 11, 12, 13, 14, 15} and 
check = false. 

Step 4: Process families are {1, 4, 10, 12, 14} and {6, 8}. 

= 1.00. Now the Step 10 is to be followed. 

Step 10: Since Q is empty, the Step 11 is to be followed. 

Step 11: Since check = false, the procedure is terminated. 

Present process families {1, 4, 10, 12, 14} and {6, 8} with 
the objective function value equal to one will represent the 
optimal solution. 

Example 4.2 

The second example considered is the example 3.3. Following 
are the steps followed of the heuristic stated in the Section 
4.2.1 to solve this example. 

Step 1: Following vector represents for each plan, the number of 
parts for which the maximum of relative requirement 
compatibility of their alternative process plan is 
positive: - 

{S.} = {4, 3, 4, 4, 4, 4, 3, 4, 3, 4}. 

Step 2: The sequence of the process plan is: 

{1, 4, 6, 8, 10, 3, 7, 9, 2}. 

Step 3; P = {1 , 5}, Q = {8, 3, 7, 9}, R = {2, 4. 5} 

S = {3, 4, 7, 8, 9, 10} and check = false. 

Process families obtained are {1, 4} and {5, 7, 10}, with 
the objective function value = 0.5. The Step 10 is to 


Step 4: 



be foil owed. 


Step 10: Since Q is not empty, the Step 5 win be followed. 

Step 5: k - 8 and Q = {3, 7, 9}. Since k ^ S, the Step 7 is to 

be followed. 

Step 7: P = {1, 5, 8}. Since k e (i.e. n = 4), R = {2, 5} and 

S = {3, 4, 9, 10}. Process families determined are {1,4}, 

(5, 10} and {8} with the objective function value Z equal 
to 1.00. Since Z > Z^, the Step 8 will be followed. 

Step 8: The two sets of process families and the corresponding 

objective function values are as follows. 


Set 1 : 

Process families are 

{1, 

4, 6} 

and 

{8, 

9} 

with 


Z = 0.50. 







Set 2: 

Process families are 

{5, 

3, 10} 

and 

{8, 

2} 

with 


Z = 0.50. 

Since the objective function value for each of the 
two sets of groups are the same as Z^, the Step 10 is to 
be followed. 

Step 10: Since Q is not empty, the Step 5 is to be followed. 

Step 5: k = 3 and Q = {7, 9}. Since k e S, the Step 7 is to be 
followed. 

Step 7: Again no improvement is observed. Finally, the Step 5 
has to be followed. 

Step 5; k = 7 and Q = 4>. Since k e S, the Step 7 is to be 
followed. 

Step 7 : P = { 1 , 5 , 7} . Since k ^ F^(i.e. n = 4), R = {2,5} and 
S - {3, 4, 9, 10}. 

Process families obtained are {1, 2}, {5} and {7, 9} with 
the objective function value Z equal to 1.00. Since Z> 
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ZqJ the Step 8 is to be followed. 

Step 8: The two sets of process families and the corresponding 
objective function values are as follows. 


Set 1 : 

Process 

Z=1 .00. 

families are 

(1, 4, 6} 

and 

{7, 

9} 

with 

Set 2: 

Process 

Z=0.50. 

families are 

{5, 1, 3} 

and 

(7, 

9} 

with 


Therefore, Z = I.OO for P = {1, 7}. Since Z > Z , 

o 

the Step 9 is to be followed. 

Step 8: Set check = true, Z =1.00 and P = {1, 7}. Since k = 5 
and k e F^, thus R = {2, 3, 5} and S = {3,4,5,6,9,10}. 
Now the Step 10 will be followed. 

Step 10; Since Q is empty, the Step 11 is to be followed. 

Step 11: Since check is not equal to false, the Step 5 onwards 
will be followed with Q = (3, 5, 8, 10} and check = 
false. 

On following the further steps of the heuristic, no 
improvement is observed into the objective function value (which 
is already at its maximum of 1.00). Present groups (1, 4, 6} and 
(7, 9} with the objective function value equal to one remain 
optimal. 

It is seen that the solutions for the two examples 3.2 and 
3.3 obtained using the heuristics described in the Sections 
3. 6. 1.1 and 4.2.1 are the same. However, the two heuristics, in 
general, may not necessarily yield the same solution. For 
example, consider the problem with details of process plans and 
relative requirement compatibility given in Figure 4.2. 
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Process 

Plan 


i 


Part 1 


Part 2 


Part 3 



Part 1 


Part 2 

L 

2 3 


Part 3 


1 .00 

0.50 

0.44 

0.70 

0.64 

1.00 

0.50 

0.50 

0.57 

0.50 

1 .00 

0.70 

0.90 

0.50 

0.70 

1 .00 


Figure 4.2: Relative Requirement Compatibility Matrix 


V The Figure 4.2 contains only the partial information of the 
problem because it is assumed that the parts 1, 2 and 3 are closer 
to each other as compared to the other parts which together form 
(p-1) groups. The plans in each of these (p-1) groups are also 
assumed to be quite close to each other. The parts 1, 2 and 3, 

Vi 

then, will form p^ group. 

For the objective of maximization of the total relative 
requirement compatibility, the group will consist the process 
plans 1, 2 and 4, whereas for the objective of maximization of 

minimum relative requirement compatibility, it will consist plans 
1, 3 and 4. The other details of the solutions are given in Table 
4.1. 

Table 4.1: Solution for the Example Shown in the Figure 4.2. 


Process Index of plan 

family representing 

process family 


Sum of Minimum RRC 

RRCs value 


{1.2,4} 

{1,3.4} 


1 

4 


2.54 

2.40 


0.64 

0.70 
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From the solution and the information given in the Table 
obvious that the two heuristics will not necessarily 
yield the same solution. in case of process family {1, 2, 4}, 
RRC^^ (= 0.90) though is high, RRC 2 ^(= 0.64) is somewhat low. 

However, in case of process family {1, 3 , 4}, both RRC, , (= 0.70) 

1 4 

and (= 0.70) are reasonably high. 

4.4 SUMMARY AND CONCLUSIONS 

In the present chapter, the generalized grouping problem is 
formulated as an extended version of p-centre problem where the 
minimum relative requirement compatibility of member process plans 
with respect to the plans representing corresponding process 
families, is maximized. Such consideration is shown to select 
those member plans whose requirements are close to plan 
representing the corresponding process family. For solving this 
problem, a heuristic approach is suggested. 

The heuristic can suitably be modified to accormnodate the 
constraints on the minimum and the maximum number of the parts 
that can be assigned to a group. 
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The hierarchical approaches used for group formation 
generally require use of some kind of similarity coefficient. The 
p-median formulation proposed by Kusiak (1987) and discussed in 
the Chapter III is an example in this regard. The p-median formu- 
lation in simple grouping finds groups of parts first; and in the 
generalized case, the groups of process plans. It has been 
observed in the chapter III through an illustrative example that 
the approach may not yield disjoint groups even though they exist. 
Since the main objective behind the grouping is to reduce the 
intercell movements and traffic congestion, it is desired that the 
groups be independent and disjoint as much as possible. For this 
purpose, a constraint on the group disjointedness was explicitly 
included into the basic p-median formulation. It has been observ- 
ed that without this constraint, one can not be sure of obtaining 
disjoint groups. It has been further noticed that the use of 
similarity coefficients does not have much impact on disjoint 
group formation particularly in case of generalized grouping. 
This raises the suspicion regarding the effectiveness and 
importance of similarity coefficients for determination of part 
families and machine cells in generalized case irrespective of the 
approach used for the group formation. 

In the present chapter, a different methodology has been 
adopted where instead of using similarity coefficients for group 
formation, a more natural method is followed. As mentioned 
earlier, a good grouping will require least intercell movements 
and allow maximum number of operations of parts to be completed by 
the machines belonging to the same group, and a good methodology 
should bring majority of the numbers representing association 
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between parts and machines within the blocks that represent 
various groups. It is this basic philosophy which has been used 
for group formation in the present chapter. The numbers represen- 
ting association between parts and machines are binary (0 or 1) if 
the requirements of the parts on the various machines are not 
differentiated; and non-binary if done. These numbers are genera- 
lly given in the form of a part-machine incidence matrix. 

There are number of approaches reported in the literature 
that use the above mentioned philosophy. Production flow analysis 
of Burbidge (1971), rank order clustering of King and Nakornchai 
(1982), ideal seed clustering and modified rank order clustering 
(MODROC) of Chandrashekheran and Rajagopalan (1986, 1987, 1986b), 
occupancy- value method of Khator and Irani (1987), within-cell 
utilization based heuristic of Ballakur and Studel (1987), and 
assignment model of Srinivasan et al (1989) are examples in this 
regard. All of these approaches are heuristic in nature. The 
philosophy behind the mathematical models of grouping problems 
proposed by Kumar et al (1986) and Ventura et al (1987) is also 
similar. These models explicitly aim at collecting most of the 
numbers within the blocks. 

Disjoint groups, as mentioned earlier, are ideal and are 
generally preferred. However, there may be certain situations in 
which complete independence of groups may not be possible and 
bringing disjointedness using additional resources may not be 
effective and economical. Moreover, in certain other cases, 
though procurement of binding resources may be advantageous, but 
because of certain other constraints such as budget, space 
available for accommodating machines, layout of materials handling 
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system, and also because of the characteristic of supervisory 
computers and control systems, etc., it may not be possible to do 
so. In situations like this, bottleneck machines which are 
required by the parts belonging to different groups need to be 
assigned properly. A bottleneck machine should be assigned to a 
group that brings maximum advantage. For making decision regard- 
ing assignment of machines under these circumstances, some 
relative weight of the part, production volunre and related 
materials handling cost can be considered. Besides these part 
related characteristics, certain other factors which suitably 
weigh the association of parts with machines can also be 
considered. The association can be determined by identifying the 
tooling and operation compatibility of parts with machines (refer 
to Chapter III), processing costs and times of performing 
operations of parts on machines, nature of machines (required by 
most of the parts versus poorly required) and similarly several 
other factors. 

Most of the approaches mentioned in the previous paragraphs 
use binary numbers. Ballakur and Studel (1987) and Ventura et al 
(1987) instead consider processing times of the operations of 
parts on various machines. Kumar et al (1986) include volume of 
parts to be processed on machines, or profit or productivity 
potential of parts associated with machines. Hosier and Taube 
(1985) associate weight with each of the parts showing their 
relative importance. Seiffodini (1988) incorporates production 
volumes of the parts and also the number of times a machine is 
required by a part. 

These considerations though suggested basically for simple 
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grouping situation, can as well be extended and used for the 
generalized grouping situations. For a generalized case where an 
operation can be carried out on more than one machine, Gunasingh 
and Lashkari (1987a and 1989b) suggest measures based on tooling 
and operations compatibility between parts and machines. These 
measures themselves show some kind of association between parts 
and machines. 

In the present work, somewhat more generalized framework has 
been considered where the association between a part and a machine 
is assumed to depend upon the operation involved. In other words, 
for an operation of a part the strength of the association is 
assumed to vary with the machines on which this operation can be 
performed. The association is assumed to include all the importa- 
nt and relevant factors mentioned in the previous paragraphs such 
as relative importance of parts and their production volumes, 
processing costs and times required for performing an operation on 
various alternative machines, tooling and setup requirements, ease 
of performing the operations, required versus attainable accuracy, 
etc.. The methodology adopted is centered at maximizing the 
association of the operations of the parts with respect to the 
machines belonging to the same group and also to which the 
operations are finally assigned. The problem is shown to be 
similar to that of minimizing the intercell movement cost when 
these numbers reflect material handling cost each corresponding to 
a combination of an operation of a part and the machine on which 
this operation can be performed. 

In the grouping problems discussed in this chapter decisions 
regarding assignment of operations are also taken while deciding 
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the groups. The operations assignment problem was indirectly 
solved in case of generalized grouping modeled in the previous 
chapter where the process plans (route plans) selected in the 
group formation provided information regarding the assignment of 
operations on machines. On the contrary, in the grouping methodo- 
logies to be discussed later in this chapter, the solution to the 
operations assignment problem is found directly. 

The grouping problems envisaged in this chapter include 
several practical constraints which have been discussed in detail 
in the previous chapter. To mention a few, these are: the 
constraints on the maximum and the minimum number of parts and 
machines to be assigned to each group, the number of machines of 
each type and their capacity. The constraint on the total number 
of machines in the system has also been considered but for the 
grouping at the planning level. The grouping objective, in this 
situation, is to minimize the total investment on the machines in 
FMS. 

It should be noted that Kumar et al (1986) and also Ventura 
et al (1987) do not differentiate between part and machine while 
considering the constraint on size of the group, and the size of a 
group is defined as the total number of parts and machines 
assigned to it. Such a consideration though may satisfy the group 
size constraint but may lead to a situation where a group can 
contain few parts and large number of machines and vice versa, or 
only parts or machines. Having groups of only parts or machines 
does not make much sense and similarly the unbalanced composition 
of parts and machines in a group. Thus, formation of such groups 
should be avoided. In the present work, this discrepancy does not 
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Decision Variables 


^nimk 


1 if part n and machine type m are assigned 
to group k and the operation i of part n 
^ is assigned to machine type m 

0 otherwise 


y 


nk 



1 if part n is assigned to group k 


0 otherwise 

number of machines of type m assigned to group k 


All the operations are numbered differently, i. e. no two 
operations whether on the same part or on different can have the 
same index. 


5.3 GROUPING APPROACH 

It can be recalled that the mathematical models developed in 
the previous chapter are typically extensions of a basic model 
that represents formulation for a p-median problem. However, in 
the present chapter, the basic problem resembles closely with the 
problem of bipartite graph partitioning as can be seen from the 
following. 

Consider a problem (Example 5.1) of simple grouping correspo- 
nding to which the part-machine matrix and equivalent bipartite 
graph representation is given in Figure 5.1. The matrix and the 
corresponding graph after rearrangement are shown in Figure 5.2. 
From these figures, it can be seen that the problem of finding 
given number of groups is equivalent to decomposing the correspon- 
ding bipartite graph in the same number. 
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Machine 

12 3 4 5 

1 

2 

Part 3 


Machine 

Figure 5.1: Initial (a) Part- Machine Matrix 

(b) Corresponding Biportite GrophCExompie 5.tl 





2 


Part 



Part 




Figure 5.2: Rearranged 


b) Bipa 




264 


In the generalized grouping situation also, the basic 
philosophy for group determination remains the same. The graph, 
of course, is not bipartite and can best be represented by an 
AND-OR graph. For illustration, consider the example (Example 
5.2) represented by AND-OR graph shown in Figure 5.3. There are 
four parts and five machines. The number of operations to be 
performed on the parts are 4, 4, 3 and 3, respectively. There are 
certain operations which can be performed on only one machine, 
whereas some other on more than one. For example, operation 1 can 
be performed on either of the machines 1 and 2, whereas operation 
2 only on the machine 2. Thus, the edges emanating from a node at 
Level 1 (see the Figure 5.3) will represent AND condition, and 
that from a node at Level 2 will represent OR condition. 

For the case when two groups of parts and machines are to be 
determined each being nonempty, a possible solution will be; 

Part family 1 = {1,2}, 

Part family 2 = {3,4}, 

Machine cell 1 = {1,2,3}, 
and Machine cell 2 = {4,5}, 

with operations assignment as shown in Table 5.1. The correspon- 
ding decomposed graph is shown in Figure 5.4. 

From the above example, it is obvious that the basic 
philosophy in use of graph partitioning for generalized grouping 
case is the same as for the simple grouping. It can further be 
noticed that this approach, in principle, is different from that 
of modeling the problem as a p-median problem (or its extension) 
as followed in the Chapter III. 
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Port Operotion Machine 



Level 2 


Figure 5.3: AND-OR Graph Representation For a Generalized Grouping 
Situation (Exomple 5.2). 
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Table 5.1 : Operations Assignment Detail (Example 5.2). 


Part 

Operation 

Machine to which 
operation is assigned 

1 

1 

2 


2 

2 


3 

3 


4 

3 

2 

5 

1 


6 

1 


7 

3 


8 

3 

3 

9 

4 


10 

4 


11 

5 

4 

12 

5 


13 

4 


14 

5 


5.4 GROUPING AS AN OPERATIONAL PROBLEM 

The idea behind group formation in this situation is to 
determine group of parts and the corresponding logical groups of 
machines for a given configuration of manufacturing system. The 
formulations and the solution methodologies are given in 
subsequent subsections. 

5.4.1 Formulation 

The objective functions and the various constraints are 
described below. 

OBJECTIVE FUNCTIONS 

( i ) Maximization of Association Between Operations of Parts and 
Machines Assigned to the Same Group 


The objective of maximizing the sum of associations between 
operations of the parts and the machines assigned to the group to 
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which that part is assigned is represented as 


Maximi ze 


N 

IE I - 

n=1 ieB(n) mec{i) 


mm 


U 

k=1 


nimk' 


(5.1 ) 


For the case where (a) there is only one machine of each 

type, (b) operations are to be performed on only one machine type, 

and (c) no two operations of a part require the same machine type, 

the problem of grouping is the same as simple grouping problem, 

and the objective function and its expression is similar to that 

stated by Kumar et al (1986) or Ventura et al (1987). 

( i i ) Minimization of Intercel 1 Movement Cost 

If an operation is assigned to some machine then the 
P 

expression ^ will be equal to one, zero other- 

mec(i) k=1 

wise. Therefore, the expression (1 - f will 

meC(i) k=1 

assume value equal to one only when intercell movement is 
required. Assuming that the notation a^^ represents the intercell 
movement cost related with processing of operation j of part i and 
is determined considering the production volume and other related 
relevant factors, the objective of minimizing the intercell 
movement cost can be expressed as: 


N 

Minimize E E a ^ (1 
n=1 ieB(n) 


meC ( i ) k= 1 


^nimk^ ’ 


The above expression can be written as: 


N 


Minimize E E 


N 

a_4 - E 


a 


n=1 ieB(n) n=1 ieB(n) n^cTi) k=1 


mmk’ 


N 

In the above expression E I ®ni ® constant, thus the 

n=1 ieB(n) 

objective of minimizing the intercell movement cost is equivalent 
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(v) Number of Machines Assigned to § Group 

From the organizational point of view and also from the view 
point of material handling, and proper control and supervision, it 
may be desirable to restrict the number of machines assigned to a 
group. The constraint on the minimum number of assignments of 
machines to a group is expressed by (5.8) and that on the maximum 
number by (5.9). 


M 


1 

m=1 

^mk ^ 


k = 1 , . . . 

. P 

(5.8) 

M 






E 

m=1 

^mk ^ 


k = 1 , . . . 

, P 

(5.9) 

(vi) Number 

of Parts Assigned 

to 

a Group 



For the 

similar reasons 

as 

mentioned 

above 

regarding the 


restriction on the number of machines that can be assigned to a 
group, one may like to restrict the number of parts that can be 
assigned to a group. The limit on the minimum number of parts 
that must be assigned a group is expressed by (5.10) and that on 
the maximum number of parts that can be assigned to a group by 


(5.11 ). 


^nk ^ ‘-P 

n=1 

k = 1 , . , . , p 

(5.10) 

N 




k — 1, ..., p 

(5.11) 

(vii) Load on Machines 



The constraint that the 

total load on a 

machine of the 


operations that are assigned to it should not exceed the available 


capacity, can be expressed as: 


N 


I 

n=1 


iGB(n)f)B(m) 


^nim ^nimk ^ ^m^mk 


m = 1 , 
k = 1, 


M; 

, , p (5.12) 
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In the presence of ttejabove constraint, the constraint (5.5) 
need not be considered. 

DECISION VARIABLES 

^nimk “ ^ ^ = 1 » . . . , N; V i e B(n) ; 

1 V m e C(i); k = 1, ..., p (5.13) 

^nk = 0 O'" 1 n = 1, .... N; k = 1, ... . p (5.14) 


^mk ^ ^ iJitegen m=l, ...,M;k=1. ...,p (5.15) 

MODELS 

The different combinations of the above mentioned objectives 
and constraints will encompass different problem scenarios. For 
example, the problem of* only part family dete ruination can be 
described by the following model. 


MODEL M5. 1 


Maximize Z E E a 

n=1 ieB(n) mecTi) 


. f X . 

mm mmk 


Subject to: (5.3,), (5.6), (5.10), (5.11), (5.13) and (5.14) 


It can be noted that the above model will simply find out 
part families and using this result machine cells can be 
determined later. The model is analogous to the model M3. 5(d) 
developed in the Chapter III based on the approach of p-median 
formulation. The total number of constraints and the variables 
required by each of these two formulations are presented in Table 
5.2. Since operation i of part n can be performed on any of 
!c(i)j number of alternative machines, the total nurber of 
process plans over all the parts, i.e. q will be: 

q = E n {C(i)f. 

n=1 TeB(n) 
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From the Table 5.2, it can be seen that for the simple 
grouping problem, the formulation as for a p-median problem 
requires lesser number of decision variables and constraints as 
compared to that for a graph partitioning problem. However, the 
gap between the requirements of the two approaches starts decreas-* 
ing with the increase in the number of alternatives for carrying 
out an operation. In fact, for a real life problem situation such 
as in FMS environment where for each operation good number of 
alternatives are available, the formulation using graph partition- 
ing approach will require lesser number of constraints and 
variables. From Table 5.3, it can be seen that for the Example 
5.1 representing a simple grouping situation, the p-median based 
formulation requires lesser number of decision variables and 
constraints as compared to graph partitioning based formulation. 
On the contrary, for the Example 5.2 that represents a generalized 
grouping situation, the requirement of decision variables is quite 
high and the number of constraints marginally more. From this 
observation, it can be concluded that from the view point of the 
requirements of constraints and decision variables the p-median 
based formulation will be better than graph partitioning based one 
when machines are less versatile, and vice versa when machines are 
more versatile. 

The problem of simultaneous group determination without 
considering the processing times of the operations and machine 
capacity, but including the constraints on the number of parts and 
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Table 5.2: Number dfe Constraints and Variables Required by the 
Formulations for Determination of only Part Family. 


Number of Constraints i 

(i) when alternative v 
machines exist 

(ii) when no alternative 
machine exists n 

Number of Variables nbe *' 

(i) when alternative 

machines exist r 


machine exists 


Model M5.1 

( Graph-Parti t ion i ng ) 

Model M3. 5(d) 
(p-median) 

N 

N 

P 1 lB(n)l+N+2p 

2 "Z n jC(i)|+N+l 

n=1 

3C 

n=1 ieB(n) 

N 


■h* P E |B(n)|+N+2p 

3N + 1 

n=1 

’a 


N 

f ^ 1^ 

1 1 |C{i)| + pN 

\ E n |C(i)| 

n=1 ieB(n) 

[n=1ieB(n) j 

N 


P E |B(n)| + pN 

n2 

n=1 



Table 5.3: A Comparison Between Requirements of Decision Variables 
and Constraints for Examples 5.1 and 5.2 for the 
Formulations Based on p-Median and Graph Partitioning. 


p-median based Graph partitioning 

formulation based formulation 


Example 1 

(i) Number of variables.-"* 

(ii) Number of constraints 

Example 2 % 

( i ) Number of variables -' - 

( i i ) Number of constraints ■ 


25 30 

16 29 


3600 68 

125 68 
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machines that can be assianpri +r» a ^ i_ ^ 

oo&iynea to a group end the number of 

machines of each type, can be expressed by the model N5.2 

described below. 


MODEL M5.2 


„ p 

Maximize E E E a . ^ x 

n=1 ieB(n) m€C(i) k=1 

Subject to: (5.3), (5.5), (5.6), (5.7), (5.8), (5.9), (5.10), 
(5.11), (5.13), (5.14) and (5.15). 


The requirements of constraints and variables for this model 
as compared to the equivalent model presented in the Chapter III 
are given in Table 5.4. 

From the Table 5.4, it can be seen that for the generalized 
grouping situation graph partitioning approach will, in general, 
require comparatively lesser number of variables and constraints. 

A most generalized situation considering machine capacity 
constraint and restriction on group disjointedness can be 
represented by the following model. 


MODEL M5.3 

N 

Maximize E 
n=1 


E E 

iGB(n) mGC(i) 


^nim 



^nimk 


Subject to: (5.3), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), (5.12), (5.13), (5.14) and (5.15). 


The number of variables and the constraints involved in the 
two formulations represented by the models M5.2 and M5.3 are the 
same. 

The models M5.2 and M5.3 will not yield feasible solutions if 
the number of the machines and their processing capacities are not 
sufficient to result disjoint groups. In such cases, intercell 
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Table 5.4. Number of Constraints and Variables Required by the 
Formulations for Simultaneous Determination of 
Part Families and Machine Cells. 


Model M5.2 
(Graph Partitioning) 


Model M3. 6(b) 
( p-median) 


Number of Constraints 


(i) when alternative 


machines exist 


r 

Pi E lB(n)| + M + 4 
Ln=l 


+ (N 4 M) 


N 

5 E n ic(i) 

n=1 ieB(n) 

+(N+M+ 1) 


(ii) when no alternative! P 
machine exists 


N 

E |B(n)l + M + 4 
n=1 

+ (N + M) 


( 6N + M + 1 ) 


Number of Variables 


(i) when alternative 


machines exist 


(ii) when no alternative p 


machine exists 


N 

P E E lC(i) 

n=1 ieB(n) 


+ p(N + M) 


N 

E |B(n)| + N + M 
n=1 


N 

E n lc(i)l 

i^n=1 i€B( n) 

N 

+ M E n |c(i ) 1 

n=1 i€B(n) 


N'^ + MN 
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movements are unavoidable, or to have disjointedness and 
operationally feasible solutions additional machines or overtime 
on certain existing machines may be needed. For grouping purpose 
in these situations, the constraint (5.3) should be replaced by 
the constraint (5.4) into the models M5.2 and M5.3. The resulting 
respective models are given below. 


MODEL M5.4 


N 

Maximize ^ 
n=1 


Subject to: 


y Y f • 

ieB(n) meC( i ) k=1 

(5.4), (5.5), (5.6), (5.7), (5.8), 

(5.11), (5.13), (5.14) and (5.15). 


(5.9), (5.10), 


MODEL M5.5 


N 


Maxi mi ze 


I 


E 


mm 


nimk 


n=1 ieB(n) meCli) k=1 

Subject to: (5.4), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), (5.12), (5.13), (5.14) and (5.15). 

It should be noted that in the models M5.2 and M5.4, the 
^ s 

variables can be considered to be binary integer variables 

if the constraint (5.8) is not included. It should also be noted 
tht the use of the models M5.4 and M5.5 may result solutions where 
all the operations may not be performed within the assigned 
cells though it may be possible to do so. In such cases, the 
objective function value will generally be higher than for the 
case of perfect grouping. 

As mentioned earlier, the grouping result obtained using the 
models M5.4 and M5.5 may not result a complete solution for the 
operations assignment problem. Once the groups of parts and 
machines have been determined, the problem of operations 
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assignment can be solved completely using the loading models that 
will be discussed in the next chapter. 

5.4.2 Solution Methodology 

For the models of the problem that have been described in the 
previous section, mathematical programming technique can be used. 
Some of these problems are relatively simple and can easily be 
solved while the remaining others are hard to solve. An attempt 
is made to develop alternative methods for solving these problems 
in an easier manner. These methodologies for different problem 
scenarios are described in the following subsections. 

5.4.2. 1 DETERMINATION OF PART FAMILY ONLY 

The problem of determining only part family represented by 
the model M5,1 can be solved in a very easy way as follows. 

First find for each operation of a part, a machine for which 
corresponding association is the maximum. Let 


= maximum (a^. ) 
meC(i) 


The operation i of part n will be assigned to machine m. Using 
this method solution to assignment of other operations can be 
found. The constraint on the maximum and the minimum number of 


parts to be assigned to a group is trivial and can easily be 


satisfied. The parts can be assigned to any of the p groups but 

ensuring that each group gets at least Lp parts and no more than 

U parts. 

P 

It can be observed from the above methodology for part family 


determination that the parts that may get assigned a group need 
not be close to each other in terms of their machine requirements. 
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' 5 

variables the subproblem is effectively the same as the 

problem of only part family determination (model M5.1) where in 

the objective function expression the term a . is replaced by 

mm 

(Snim ~ ''^mk^’ Tl^us, the methodology described in the Section 
5,4.2. 1 can be used accordingly for solving the problem P^. 

Further, for the known values of the problem P^^ will 

bear the structure of a transportation problem as can be seen from 
the following. 

Introducing slack variables s_, u, and v, into the respective 

tn K K 

constraints (5.7), (5.8) and (5.9), the following equations are 

obtained. 


T 2 , + s = In ! 
mk m ■ m' 


m = 1 , . . . , M 


(5.17) 


M 

V Z , - u, = M, 

mk k L 

fn= 1 


k— 1, ..*, p 


(5.18) 


i, 

nfi=l 


k — i ji • « • I p 


(5.19) 


where 


s 2; 0 and integer 
m 


m=1, ...,M (5.20) 

u. , v^, 2 : 0 and integer k = 1, ...,p (5.21) 

K K 

From the equations (5.18) and (5.19), 

Uj^ + V|^ = M^j - M|_ k = 1, p. (5.22) 

Summing the equation (5.17) over m and then subtracting from 

it the equation (5.18) after summing it over k, the following 

constraint is obtained. 

M p M 

Y s + r u, = I !N„| - P M, 


(5.23) 



282 


The problem can be restated as: 


Maximize 


M 

T 

ta 

m=l 


la 

k=1 


'^mk ^mk 


Subject to: (5.17), (5.19), (5.22), (5.23), (5.15), (5.20) 

and (5.21). 

The transportation matrix corresponding to the above 
formulation is shown in Figure 5.5. The rows 1 to M represent the 
constraint (5.17), whereas that from (M+1 ) to (M+p) the constraint 
(5.22). The columns 1 to p represent the constraint (5.19), 
whereas the column (p+1) the constraint (5.23). 

The objective function value Zp(w) of the relaxed problem is 
an upper bound on the objective function value of the original 

3|C 

problem. Therefore, dual variables w determined should make the 
upper bound Zj^(w) as smal as possible. This problem can be 
solved using subgradient optimization procedure suggested by Held 
et al (1974). 

Let the value of the objective function in the model M5.4 be 
Zp. The various steps of the subgradient procedure for the 
present problem are as follows. 

Step 0: Set j = 1 , = 0 , LB° = 0 and 


N 

UB° = I 1 maximum 
n=1 TeB(n) meC(n,i) 

where, 

: value of dual variables at iteration j 

LB° : initial lower bound 
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Figure 6.5: Transportation Matrix Corresponding to 
Subproblem P^- 
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Step 1 


Step 2 

Step 3 


Step 4; 

Step 5 
Step 6: 

Step 7: 


UB° : initial upper bound 

: value of the scalar at iteration j (0.0^ X°i 2.0). 
Solve the problem P and P. for the current set of 

a D 

Lagrange multipliers w"^. Let and be the 

optimal solution, and the objective function values of 

the problems P^ and Pj^ be and Z^, respectively. Set 

Z^ - z"^ + 2 ^ 

D 1 ^2 

Update the upper bound: 


UB'^ = minimum (UB'^"^ Z^). 

If , y'^ and are feasible to the primal problem, set 

Zp = Zp (x*^, y'^ , z"^) and go to the next step. 

Otherwise, modify x*^ in view of y"^ and z"^ to make 

’ s 

it feasible. Let the modified value of be 

mmk 

denoted by vector x"^. Set Zp = ZpCx'^, , z^ ) and go to 
the next step. 

Update the lower bound: 

LB"^ = maximum (LB'^ \ Zp). 

Determine the value of X"^. If X"^ ^ 

If (UB*^ - LB'^)/LB'^ < e^, then stop. Otherwise, go to the 


next step. 


Compute the subgradients: 

Si,. = I E 


^ N . 

mk “ ^ ^^nimk 

n=1 ieB(n)nB(m) 


- L Z 


mk 


m= 1,..., H; 


k — 1 , • • . , Pi 


Compute the step size: 

X^ [Z^ - LB-^] 

•F J - 


M . £ i 2 

( I, t 

m=1 k=1 


Step 8: 
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m = 1 , . . . , M ; 
k = 1 , . . . , p . 

The value of and are to be fixed suitably depending 
upon the kind of convergence required. The details on the 
reduction of the value of can be had from the work of Held et 
al (1974). 

If at the Step 3 of the subgradient algorithm a feasible 

solution is not obtained, then the following procedure is used to 

’s 

modify the values of to make them feasible. 


Step 9: Update the Lagrangian multipliers 

i + l i 

“mk = "laximum {0. + fJ s^,^) 

Set j = j+1 and go to the Step 1 . 


-mmk 


= < 


if y^k = > 0 where, 


mm 

^^4,^ = maximum (a . .Z , ) 
mm fnec(i) nim mk 


0 otherwise 


In use of the above procedure, some of the operations may 
remain unassigned. However, solution resulted is feasible because 
of its conformance with the formulation and the problem 
requirement as can be seen from the constraints (5.4) and (5.6). 

From the above, it can be observed that for the problem of 
simultaneous group determination where all the operations of a 
part are to be assigned to some machines that belong to the same 
group (i.e. for the problem represented by the model M5.2), it 
will not be possible to determine a feasible solution to the 
primal problem using the method described above. Even determina- 
tion of a feasible solution, otherwise also, may not be a simple 
task. In view of this it can be concluded that for both of the 
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models M5.2 and M5.3, a heuristic approach based on Lagrangian 
relaxation of the kind described above cannot be used. 

5 . 4. 2 . 3 SIMULTANEOUS DETERMINATION OF GROUPS CONSIDERING 
MACHINE CAPACITY 

The problem of simultaneous determination of groups of parts 
and machines considering machine capacity is the same as the 
problem of simultaneous group determination without considering 
machine capacity when the processing times of the operations on 
the various machines are one unit of time and the capacities of 
the machines are equal to L units of time. Since an instance of 
the model M5.5 (and the model M5.3) is equivalent to the model 
M5.4 (and the model M5.2, respectively) and the model M5.4 is 
stated to be an NP-complete problem in the earlier section, the 
model M5.5 will also be NP-complete. For the reasons as mentioned 
in the Section 5.4. 2. 2, a heuristic approach for the model M5.5 
may be desired. 

In this section, a heuristic approach based on Lagrangian 
Relaxation is proposed for the model M5.5. On dualizing the 
constraints (5.12) and rearranging the terms in the objective 
function, the following is obtained. 

(D,) 

N P 

Zq(w) = Maximize ^ E E ^®nim ~ '^mk ^nim^^nimk 

n=1 i€B(n) meC(i) k=1 

M p 
m=1 k=1 

Subject to: (5.4), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), (5.13), (5.14) (5.15) and (5.16). 
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In the above formulation, the constraint (5.12) is dualized 

using dual variables . jhe problem for known values of 

w 1 ^ can again be decomposed into two subproblems P’ and Pi as 

a b 

shown below. 


(p;) 




= Maximize 


N 

E 

n=1 


E 

ieB(n) 


I 

m€C(i ) 


k=1 


(a 


mm 


- w 


mk 


t 1 X 

mrn-'mmk 


Subject to: (5.4), (5.6), (5.10), (5.11), (5.13) and (5.14) 


(P’) 


M 


Z 2 = Maximize J] 


m=1 k=1 


"^m '^mk ^mk 


Subject to: (5.7), (5.8), (5.9) and (5.15). 

It can be noticed that the problems P’ and Pi are similar to 

a b 

and P^, respectively. Therefore, the methodology used for 

solving the problems P and P. can be used to solve the problems 

a D 

P’ and Pi, respectively. The subgradient algorithm to be used for 
a D 

solving the grouping problem will be the same as described in the 
Section 5. 4. 2. 2. However, Zp and in the algorithm will be the 
objective function values of models M5.5 and D^, respectively. 
However, for finding feasible solution to the primal problem M5.5 
at Step 3 of the algorithm, a different method as described below 
will be used. 

Let Gp(k) and G,^(k) denote k group of parts and machines, 
respectively. To get a primal feasible solution, the operation 

assignment problem can be solved for each group independently. 

. . th -,11. 

The corresponding formulation for the k group will be: 




Maximize I,, , , E V a . x • 

neGp(k) leB(n) meC(i)nG^(k) nim'-mmk 

I M 

Subject to: 


meC{t)nG^(k) ^ 


(5.24) 


V n € Gp(k) 


V i e B{n) (5.25) 


E E ^ T Z , 

meGp(k) ieB(n)nB(m) ^ '"k 


V m e G|^(k) 


(5.26) 


The above problem has the structure of a generalized 
assignment problem and thus is NP— Complete. For any feasible 
solution to the above problem, the objective function value will 
be at most equal to the optimal objective function value. The 
problem as described in the above formulation happen to be the 
part of the primal problem and thus the sum of their objective 
function values will be equal to the objective function value of 
the primal problem. Hence, the sum will provide a lower bound on 
the value of primal objective. Since the lower bound is to be 
kept at the maximum, finding solution to the above operation 
assignment problem using some heuristic will not be advantageous 
but may require lesser computational effort. Thus, a tradeoff has 
to be made between higher objective function value and the 
computational ease. An optimal solution to the above problem can 
be found using branch and bound approach suggested by Ross and 
Soland (1975) or dual-based algorithm of Guignard and Rosenwein 
(1989). Since the computational requirement of an integer progra- 
mming problem increases, in general, with the increase in the 
problem size, thus to reduce the computational burden certain 
decision variables can be removed from the consideration using the 
procedure as follows. 
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part iep, the sum of the associations between the 
operations of the part and the number of different 

machine types used in that process plan. Denote the 
maximum sum (to be called as gain) by and the 

corresponding process plan by PR 

i ■ 

Sequence all the parts in descending order of the 
number of machines used by the parts in the process plans 
corresponding to which their gains are maximum. Resolve 
the tie based on the value of Further ties can be 

broken arbitrarily. 

Set U = <}>, K = 1 and go to the next step. 

Step 1: Denote the first part in the sequence by p. Put the part 
p into part family PF and all the machine types in PR 

f\ P 

to form machine cell MC^^. Put into part family PFj^ also 
those parts whose association with the machines in MCj^ is 
more than half of their maximum gain. 

Reduce the number of copies available for the 
machine types in MC^ by one. Remove the parts in PF 
from the sequence and go to the next step. 

Step 2: If all the parts have been considered for assignment to 
the groups, then follow Phase II. Otherwise, go to the 
next step. 

Step 3: Find the gain of first part (let the part be p) in the 
sequence for each of the machine cell v (v = 1, . . ., K) 
considering all its alternative process plans. Denote 
the machine cell by k and the process plan by PR^ for 
which the gain of the part p, i.e. Gp, is maximum. If 
the gain G^ is more than Gp/2, assign the part p to k-th 
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part family and remove it from the sequence, ^nd go to 

the Step 2. Otherwise, follow the next step. 

Step 4: Find for the part p, the maximum gain G’ considering only 

P 

the unassigned machines and all its alternative process 
plans. Let be maximum corresponding to process plan 
PRp* I'f Gp is more than Gp/2, then form a new group and 

set K = K+1 . The K-th machine cell (MC ) will have all 

fv 

the machine types that are used by the process plan PRp 
and of which some copy is still available for assignment. 
Reduce the number of copies available of the machine 
types in MCj^ by one. The part p is assigned to part 
family 

If G’ is not greater than G /2, put part p in set U 
P P 

and go to the Step 2. 

Phase II 

Step 0: Let V denote the set of machine types whose some copies 
are still unassigned. If U or V are nonempty, then set 

K = K + 1. The parts in the set U and the machines of 

the type as in the set V will form K-th group. 

Step 1: Consider each of the machines belonging to each of the 
machine cells for possible placement to a different cell. 
A machine will be assigned to a different cell only when 
it brings improvement in the^ objective function value, 

and to the cell for which the improvement is maximum. 

Step 2: Similarly, consider the parts for possible placement to 
different families. A part will be assigned to a 

different family only when it brings improvement in the 
objective function value and to the family for which the 
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improvement is maximum. 

Step 3. Repeat Steps 1 and 2 until no reassignment of machines 
and parts takes place. 

Total number of groups formed may be less than K because of 
the adjustments made in Phase II and also because of the exclusion 
of those groups from consideration to which no part is assigned. 
It should be noted that while determining the improvement in 
objective function value in the Step 1 of Phase II of the 
heuristic, the contribution of machine is taken to be zero for all 
those groups that already have another copy of the same machine 
type. 

I 

The flowcharts for the two phases of the heuristic are given 
in Figures 5.6 and 5.7. 

Finite Convergence of the Heuristic 

The heuristic proposed will terminate in finite number of 
steps. The finiteness of the Phase I is self evident and thus is 
not explained. In Phase II, the parts and machines keep shifting 
from one group to another. Since each shift definitely brings 
improvement in the objective function value and the maximum value 
of the objective function is also finite, the procedure will 
terminate in finite number of steps. 

5.4. 3. 2 SIMPLE GROUPING PROBLEM 

The simple grouping problem is a special case of generalized 
problem, and thus the heuristic described in the Section 5.4.3. 1 
can also be used for it. However, the simplicity of the problem 
can be exploited to bring improvement in the objective function 
value by suitably modifying the heuristic described in the Section 
5.4. 3.1. The problem considered for the grouping is more general 
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machines and all its alternative 
process plans. Denote the process plan 
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Figure 5.7: 


Flowchart Corresponding to Phase II of the 
the Heuristic for the Generali aed Grouping. 
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and considers the restrictions on group size and number of groups 
to be formed. 

In simple grouping situation, the operations are to be 
performed on only one machine. Thus, the operations that require 
the same machine type can be merged together and so their 
associations with machines, processing times and costs. For a 
situation like this, maintaining separate indices for the operati- 
ons has no significance and thus can be omitted. The problem can 
be represented by the following formulation. 


Maximize 


N 

I 

n=1 


I 

meC ( n ) 


nm 


P 

I 

k=1 


nmk 


Subject to: 

X ^ V 

nmk ■'nk 


n€C(m) 


^nmk ^ ^mk 




^mk " 
k=1 


Pl ^ >'nk ^ '’u 

n=1 

M 

^ ^mk ^ 


X , = 0 or 1 
nmk 


n = 1 , . . . , N; V m G c(n) ; 
k = 1 , . . . , p 

m = 1 , — , M; 

k = 1 , . . . , p 

n = 1 , . . . , N 

m = 1 , ...» M 

k“i,...,p 

k— 

n = 1, .... H; V m e G(n); 
k =1 , - . P 


^nk = ° ' n = 1 N; 

k = 1 , . . , , p 

Z^k ^ 0 and integer m =1, .... H; 

k = 1 , .... p 

In the above formulation, various notations (though simplifi- 
ed) have their usual definitions and meaning. The notation C(n) 
represents the set of machine types required by part n, CCm) 
represents the set of parts that need machine type m. The value of 

association between a part n and machine type m, i.e. a is also 

nm 

termed as requirement of part n on machine type m. In case when 
there is no restriction on the minimum number of parts to be 
assigned to a group, variables Z^k ^ tie binary instead of 

being general integer variables. 

The heuristic proposed for the above problem uses two phase 
procedure for group formation. The first phase determines natural 
groups, i.e. the groups that contain parts and machines which are 
closely related. In the natural groups, most of the parts should 
meet at least half of their total requirements from the machines 
assigned to the groups to which the parts are assigned. In Phase 
II, the groups formed are adjusted to satisfy the restrictions on 
the number of groups to be formed and size of the groups, and 
further the groups are refined to bring improvement in the 
objective function value. 

The heuristic presented is quite general and can be used for 
finding solution of the grouping problem with no restrictions as 
mentioned below or with any combination of these: 

(i) Number of groups to be formed. 

(ii) Minimum number of parts in a group. 
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(iii) Maximum number of parts in a group. 

(iv) Minimum number of machines in a group. 

(v) Maximum number of machines in a group. 

It should be noted that even when there is no restriction on 
the number of groups to be formed, the limits on the size of 
part families and machine cells may indirectly control the number 
of groups to be formed. Hence, the limit on the group size should 
be imposed carefully. Let 

L, = N/P^ 

= N/P|j, 

rn= I 

and 4 = 

rn- 1 

Then the minimum number of groups (Pjj,-jp) that can get formed 

will be equal to maximum of and L^, and the maximum number of 

groups (p ) that can get formed will be equal to minimum of L. 

max ‘ 

and L„. Thus, a valid number of groups p to be formed must 
satisfy the following inequality: 

Pmin ^ P ^ Pmax’ 

In case where all the limits on the number of parts and 
machines in a group are not specified, the lower and upper bounds 
on the number of groups can be determined by fixing the limits not 
specified as follows. 

Minimum number of parts in a group =1 

Maximum number of parts in a group _ N 

Minimum number of machines in a group - 1 
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Step 5: 


Step 6 : 


Step 7 : 


Step 8: 


Step 9 i 


parts and machines for group formation. If still the 
procedure fails to form a group, conclude that the 
problem specified does not contain natural groups and 
follow Phase II. 

Denote the set of remaining parts and machine types by P’ 
and M’ . Set K = K+1 . If p’ and M’ are non-empty, then 
sequence the parts in P’ in descending order of the 
number of machine types used that are present in M’ and 
go to the next step, else go to Step 9. 

The first part in the sequence is chosen to form K-th 
group. The K-th machine cell will have all those 
machine types that are used by this part and are 
available for assignment (i.e. member of set M’). The 
K-th part family will have this part and all other 
unassigned parts whose more than half requirement can be 
met by this newly formed machine cell. 

From the group formed, remove the parts and machines 
using the method as described in Step 2. 

If both, the K-th machine cell and the part family 
are not empty, go to Step 5. Otherwise, follow, the 
next step. 

Take out this part from the sequence. If there is no 
part in the sequence left for consideration, go to the 
next step. Otherwise, make the K-th group empty and go 
to the Step 6. 

Assign to K-th group all the parts in P' and unassigned 
machines of the type as in M’ . 


Now consider the machines assigned to the various 
groups for possible placement into different machine 
cells. A machine will be assigned to a different cell 
only when it brings improvement in the objective 
function value and to the cell for which the improvement 
is maximum. Similarly, consider the parts assigned to 
the various groups for possible placement into different 
families. A part will be assigned to a different family 
only when it brings improvement in the 
objective function value and to the family for which 
this improvement is maximum. Repeat this process until 
no shift takes place. 

Step 10: If the last group (i.e. the group K) has collapsed, then 
set K = K-1 and follow Phase II. Otherwise, find 

disjoint groups of the parts and machines from the parts 
and machines in group K, and put them in the list of the 
groups already formed. Let the number of disjoint 
groups formed from group K is k, then the total number 
of groups will be equal to K+k-1. Set K = K + k - 1 and 
follow Phase II. 


Phase II 

Step 1 : Determine p^^^ and If the number of groups to be 

formed has not been specified, then go to Step 1 else to 


Step 2: 


Step 3 . 

If p . s K ^ p , then set p = K and go to the next 
^mi n max 

step. 

Otherwise, if K < P ” ’^min 


next step. in the other condition where K > , set 

max 

P = P^ax f^ext step. 

Step 3: If p < K, then merge {K - p) groups with other groups 

bringing maximum improvement in the objective function 
value. Otherwise create (p-K) new groups in a way that 
requires minimum reduction in the objective function 
value. Go to Step 4. 

Step 4: Shift the parts and machines from one group to another 

to satisfy the limits on the size of part family and 
machine cell in a way that brings least reduction in the 
objective function value. 

Step 5: Readjust the groups by shifting parts and machines from 

one group to another to bring improvement in the 
objective value. Adjustments made should satisfy the 
limits on the size of part family and machine cell. 

Continue this process until no shift takes place 
and then stop. 

The heuristic, as can be seen, does not try to order the rows 
(parts) and columns (machines) but assigns a part (or a machine) 
to a group where its requirements are maximally satisfied. For 
this reason, the heuristic will be called as Requirement Based 
Clustering (RBC) methodology. The characteristic of the procedure 
RBC of forming the groups in a natural way can be observed from 
the steps 1, 2, 6 and 7 of the heuristic. The flowcharts for the 
Phase I and Phase II of the heuristic are given in Figures 5.8 and 


5.9, respectively. 
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other p groups that brings 
maxiiDuin iroprovement in the 
objective function value. 


Shift the parts and machines from one group to 
another to satisfy the limits on the size of 
part-family and machine-cell. Shift made should 
require least reduction in the objective 
function value. 


Create (p-K) new groups in a 
way that requires minimum 
reduction in the objective 
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Readjust the parts and machines among groups to 
bring improvement in the objective value while 
satisfying the limits on the size of 
part-family and machine-cell . Keep adjusting 
until no improvement is possible. 



f 
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Figure 5.9: Flowchart for the Phase II of the Heuristic 
for the Simple Grouping Problem. 










For finding the disjoint groups at Step 10 in Phase I of the 
heuristic, the algorithm suggested by Deo (1989) for finding 
disconnected component of a graph can be used. A flowchart of this 
algorithm is shown in Figure 5.10. The Step 5 of the Phase II in 
the same as the Step 9 of the Phase I except that in this step 
precaution is taken to avoid violation of the limits on size of 
part families and machine cells. The details of the methods used 
for merging the existing groups and for creating the new ones are 
given in the flowcharts shown in Figures 5.11 and 5.12, 
respectively. The method used in the Step 4 of Phase II for 
satisfying the limits on group size is described in the flowchart 
given in Figure 5.13. 

The heuristic proposed has been successfully used by Saraf 
(1989) where for a problem with more than 1000 components and 75 
assemblies (that is equivalent to machines), it took less than a 
minute of CPU time on DEC-1090 computer to find natural groups. 

The heuristic RBC can directly use the processing time 
requirements of parts on different machine types for group 
formation. However, the assignment of machines to a group based 
on its capacity and processing time requirements of the parts will 
require little modification in the heuristic that can easily be 
incorporated. 

The heuristic RBC seems to be quite general as compared to 
within-cell utilization based heuristic (WUBC) proposed by 
Ballakur and Studel (1987) in terms of the factors that can be 
used as the basis for group formation and the restrictions on the 
number of groups, the minimum and the maximum number of parts and 
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machines in the groups. The heuristic RBC results natural groups 
where a part stays in a group where its requirements are met 
maximally, and the machine in a group where it is required most. 
However, the heuristic WUBC fails to do so because machines once 
assigned to a cell based on cell-admissibility factor are 
discarded from the consideration of their placement to other 
groups where they may be required comparatively more. Moreover, 
the heuristic WUBC does not try to reassign parts and the machines 
in the remainder group to possibly result a better grouping. 

The flexible grouping technique (FGT) proposed by Dao and 
Boisclair (1989) includes some of the basic features used in the 
RBC procedure. However, the proposed method is much more general 
and is supposed to yield better grouping. The technique FGT does 
not consider any of the restrictions that can be handled by RBC 
procedure. Further, it may not yield natural groups because of 
its method used for group formation which is similar to that based 
on ce 11 -admi ssi bi 1 ity-f actor of the heuristic WUBC and also 
because of its lackness. for reconsideration of parts and machines 
already assigned for placement to other groups. 

The problems reported in the literature have been solved 
using the RBC procedure and the solutions obtained are better or 
the same in terms of the number of exceptional elements. 

5.5 GROUPING AS A PLANNING PROBLEM 

The scope of grouping at the planning level is different from 
that at the operational level. As mentioned earlier, grouping at 
the operational level is generally logical, while that at the 
planning level generally physical. At the planning level, GT 
concepts can be used in designing the production system and 
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determining the number of machines of each type and their configu- 
ration in each of the manufacturing cell. such an analysis and 
decision making will be justifiable for dedicated systems where 
the parts to be produced and their characteristics are known in 
advance and are not going to change for some reasonably good 
amount of time. 

The formulations of the grouping problems are presented 
below. Comments on certain aspects of the grouping consideration 
are also given. 

5.5.1 Formulation 

The constraints considered and their expressions are the same 
as given in the Section 5.4.1. However, (Njj,| will represent the 
maximum number of machines of type m that can be put into the 

system. The objectives considered for the grouping are different 
from that given in the Section 5.4.1 and is the minimization of 
the total invesment on machines. In the resulting cellular 
manufacturing system, the groups work independently and intercell 
movements do not result. The objective of minimizing the total 
investment on machines can be expressed as: 

M 

Minimize f„ 
m=1 

For a right kind of analysis, the cost of machines (i.e. f^) 
should be considered properly taking into account, for example, 
the planning period within which all the parts are to be 
manufactured. 

The different combination of the constraints will capture 
different grouping scenarios. However, for the illustration the 
models are presented only for the most generalized grouping 


tu 

=1 


‘mk’ 


(5.27) 
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situations and are as given below. 

MODEL MS. 6 

M p 

Minimize E f„ X Z , 
m=1 k=1 

Subject to: (5.3), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), (5.12), (5.13), (5.14) and (5.15). 
Because of the reasons as mentioned in the previous chapter, 
it may be desired to restrict the total number of machines in the 
system. For this situation, the following constraint should be 
included into the models M5.6 and M5.7. 


M p 

T V Z 
.e. ..t. mk 


M, 


(5.28) 


5.5.2 Solution Methodology 

The problem can be solved using mathematical programming 
techniques, but because of the NP-complete structure it may not be 
desired. A heuristic approach based on Lagrangian relaxation 
similar to that as described in the Section 5. 4. 2. 3 will have the 
problem of determining a feasible solution to the primal problem 
in the use of subgradient algorithm and thus cannot be used. 

5.6 NUMERICAL EXAMPLES 

In this section, few examples are given to illustrate the use 
of the models and some of the heuristic procedures described in 
the previous sections. These examples also help in better unders- 
tanding of different grouping situations. The problems posed as 
mathematical programming problems are solved on IBM compatible 
PC/AT using LINDO software unless mentioned specifically. 

Consider a manufacturing situation with 6 parts and 6 
machines to be partitioned into two groups. The maximum and the 
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minimum number of parts in a group are to be 4 and 2, respecti- 
vely- The same restriction is also to be observed for the size of 
the machine cells. The other details of the problem are given in 
Tables 5.5 and 5.6. 


Table 5.5: Processing Requirement and Productivity Potential 
Details of the Operations of the Various Parts 
Associated with the Compatible Machines. 


Part 

Operation 

Required 

Processing Time 

Productivity 



Machine 

Requirement 

Potent i al 

(n) 

(ieB(n)) 

(mec(n, i )) 

nim^ 


1 

1 

1 

1 

5 


2 

2 

1 

2 


3 

3 

1 

5 



4 

1 

3 

2 

4 

1 

1 

7 



2 

1 

5 


5 

2 

1 

8 



6 

1 

20 

3 

6 

1 

1 

5 


- 

2 

1 

6 


7 

2 

1 

4 



3 

1 

5 

4 

8 

3 

1 

2 



4 

1 

6 


9 

5 

1 

9 


10 

2 

1 

5 



6 

1 

10 

5 

11 

1 

1 

6 



4 

1 

7 


12 

5 

1 

8 

6 

13 

4 

1 

4: 


14 

2 

1 

3 


5 

. .■ 1 

5 
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Table 5.6: Details of the Machines. 


Machine 

Type 

Number of 
Copies 

Capacity of 
Each Machine 

Cost of Each 
Machine 

Set of Compatible 
Operations 

1 

1 

3 

11 

1,4,6,11 

2 

1 

3 

12 

2,4,5,6,7,10,14 

3 

1 

1 

14 

3,7,8 

4 

1 

3 

13 

3,8,11,13 

5 

1 

4 

10 

9,12,14 

6 

1 

1 

15 

5,10 


Table 5.7: Operations Assignment Detail for the Case 
of Only Part Family Determination. 


Objective function value = 99 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

2 


3 

3 

2 

4 

1 


5 

6 

3 

6 

2 


7 

3 

4 

8 

4 


9 

5 


10 

6 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 
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In case of only part family determination, i.e. for the 
problem described by the model M5.1 solution obtained is as shown 
in Table 5.7. One of the possible sets of groups of the parts is 
as shown below. 

Part-family # 1 = {i, 2, 3} 

Part-family # 2 = {4, 5, 6} 


Table 5.8: Operation Assignment Details for the Case When 
the Operations are Carried Out Within the Cell 
and Machine Capacity Constraint is not 
Connsidered. 


Objective function value = 87 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

2 


3 

3 

2 

4 

1 


5 

2 

3 

6 

2 


7 

3 

4 

8 

4 


9 

5 


10 

6 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 


It can be noted that the part families can be different from 
the above and that too with the same objective function value. 
However, the number of exceptional elements may vary. For 
example, if the part families are (1,2} and {3, 4, 5, 6} or {1,2, 3, 4} 
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and {5,6}, the minimum number of exceptional elements will be 3 
and instead of 1 as for the grouping configuration determined 
earl ier . 

For the problem of simultaneous group determination when the 
constraints on permissible load on machines are not included and 
all the operations are to be performed within the cell, the 
problem will have the structure as of the model M5.2. For this 
case, the optimal operations assignment details are given in Table 
5.8 and the configuration of the groups in Table 5.9. 

Table 5.9: Group Configuration Details for the Case When 
the Operations are Carried Out Within the Cell 
and Machine Capacity Constraints is not 
Considered. 


Group # 

Part-Family 

Machine- 

-Cell 

1 

(1, 2, 3} 

(1. 2, 

3} 

2 

(4. 5, 6} 

(4, 5, 

6} 


The operations assignment changes when machine capacity 
constraints are included as can be seen from the Table 5.10. 
However, the configuration of the groups remain the same. The 
present problem is equivalent to the model M5.3. 

In case when the condition on perfect grouping is relaxed and 
machine capacity constraints are not included, both the operations 
assignment and grouping configuration changes. These are shown in 
Tables 5.11 and 5.12. This problem is best covered by the model 
M5.4. For the problem as characterized by the model M5.5 that 
relaxes the constraint on perfect grouping but considers 
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Table 5.10: Operation Assignment Details for the Case When 
the Operations are Carried Out Within the Cell 
and Machine Capacity Constraint is Included. 


Objective function value = 85 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

2 


3 

3 

2 

4 

1 


5 

2 

3 

6 

1 


7 

2 

4 

8 

4 


9 

5 


10 

6 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 



Table 5.15: Operation Assignment Details for the Case When 
Machines*"^ Determined Minimizing Investment on 


Objective function value = 69 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

2 


3 

4 

2 

4 

2 


5 

2 

3 

6 

1 


7 

2 

4 

8 

4 


9 

5 


10 

2 

5 

11 

1 


12 

5 

6 

13 

4 


14 

2 


Table 5.16: Group Configuration Details for the Case When 
Groups are Determined Minimizing Investment on 
Machines. 


Group # 

Part-Fami ly 

Machine-Cel 1 

1 

{1, 4, 5, 6 } 

{1, 2, 4, 5} 

2 

{2, 3} 

{1, 2} 


The same problem when solved using the heuristic GAO 
discussed in the Section 5.4.3. 1 yields grouping as shown below. 
However, the constraints on machine capacity, group disjointedness 
and also on the size of the groups are not considered. The groups 
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are as follows: 

Part Family # 1 = {1, 2, 3} 

Machine Cell # 1 = {1, 2, 3} 

Part Family # 2 = {4, 5, 6} 

Machine Cell # 2 = {4, 5, 6}. 

The operations assignment is, however, as shown in Table 

5.17. 


Table 5.17: Operation Assignment Obtained Using the 
Heuristic GAO. 


Objective function value = 87 


Part 

Operation 

Assigned Machine 

1 

1 

1 


2 

2 


3 

3 

2 

4 

1 


5 

2 

3 

6 

2 


7 

3 

4 

8 

4 


9 

5 


10 

6 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 


It can be verified from the objective function values of the 
solutions given in the Tables 5.7, 5.8, 5. 10, 5.11 and 5.12 that 
inclusion of the tighter constraints has negative effect on the 
objective function value. 



5.7 SUMMARY AND CONCLUSION 

In the present chapter, the generalized grouping problem is 

formulated as a graph partitioning problem. The mathematical 

models presented for the generalized grouping are shown to be 

better than the equivalent models presented in the Chapter III 
using p-median problem formulation approach as 

these require comparatively lesser number of constraints and 

variables. However, for the simple grouping problem, the graph 

partitioning based approach is shown not to be efficient. 

It has been further shown that the use of similarity 
coefficients that find similarity between a pair of the same 

entities (such as parts, machines and process plans) is of much 

use in hierarchical grouping. However, it is of not great 

advantage in case of generalized grouping. Further, the 
graph partitioning based approach of hierarchical group formation 
is also of not much use. 

The models presented are shown to be NP-complete. For some of 
these models, heuristics based on Lagrangian Relaxation are 
proposed. These models and heuristics consider the restriction on 
total number of groups to be formed. 

The heuristics are also presented for determining the groups 
naturally without considering any restriction such as on number of 
groups, and size of part family and machine cell. The heuristic 
uses, of course, the basic approach of graph partitioning. The 
heuristic proposed is modified and extended for the simple 
grouping situation which besides determining the natural groups 
considers the restrictions on number of groups and the size of 
part families and machine cells. These heuristics can be suitably 
modified to include processing times of the operations and machine 
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capacity to yield grouping with operationally feasible solutions. 



CHAPTER VI 

Loading Probldis in FUS 


6.1 INTRODUCTION 

Loading problem in flexible manufacturing systems (FMS), as 
in conventional manufacturing systems, involves decision making 
regarding the assignment of various resources to the operations of 
different parts that are to be produced during a planning period. 
In case of FMS, the problem, however, is comparatively more 
complex owing to (i) the versatility and flexibility of the FMS 
equipment such as computerized numerically controlled machines and 
machining centers, automated materials handling systems, robots, 
pallets, jigs and fixtures, etc., and (ii) the requirement of 
coordinated and integrated planning and control; and synchronized 
functioning of these equipment under the overall control of a 
central computer. 

Loading and control policies have major impact on the 
performance of the manufacturing objectives. As observed by Stecke 
and Sol berg (1981) from simulation of a real life FMS, the system 
performances depend heavily on the loading and the control 
strategies chosen to operate the FMS. Using the simulation model, 
they further showed that the results obtained are very much 
different from those of classical job shop scheduling studies. 
The loading problem in FMS, thus, involves simultaneous and 
integrated decision making related to various aspects such as part 
mix determination, production ratio determination, formation of 
part families and machine cells, and allocation of resources 
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(machines, tools, materials handling system, pallets, fixtures, 
etc.). The problem, therefore, is viewed as a part of system 
setup problem rather than being purely operational as .is the case 
in conventional manufacturing systems (Ali S Kiran (1986), Stecke 
(1983) ) . 

The processing equipment in FMS are capital intensive and 
thus non-productive times, such as, times taken for loading and 
unloading of parts, placement of tools into tool magazine from 
tool crib, tool magazine change over, etc. need to be minimized. 
Compared to these non-productive times, the tin» needed for 
picking and placing the tool from and to the tool magazine using 
automatic tool changer will, of course, be negligible. These 
non-productive times can, to a large extent, be minimized if the 
tool and operations are properly assigned to the machines. 

Further, as mentioned earlier, the machines are capable of 

/ 

processing several types of operations. Hence, to a machine many 
operations requiring different types of tool can be assigned. 
These multifunctional machines have tool magazines or drums with 
slots to accommodate various types of tools of varying shapes and 
sizes. For this reason, the number of slots on the tool magazine 
often act as constraints for the number and type of operations 
(and thus for the parts) that can be assigned to a machine. 
Therefore, in FMS, due consideration needs to be imparted to the 
tool assignment keeping in view the requiren^nts of the 
operations, the nature of the machines and the capacity of tool 
magazines. Real benefits of FMS can accrue only when the machine 
loading problem handles both the operations and the tool 
assignments decisions together in an integrated manner. Besides 



finding the machine loading related decisions. specific 
recommendations also need to be made regarding fixtures and 
pallets to be used during machining and transportation of jobs. 
This would enable the central computer to identify and analyze the 
requirements of operations of various parts and thus ultimately 
would lead to an integrated implementation of real time 
schedul ing. 

The objectives of loading problem in FMS usually focus to 
satisfy several measures such as utilization of machines, 
throughput rate, and the total cost comprising machining, tooling 
and materials handling. The major objectives considered by 
various authors are as follows. 

1. Minimization of the total cost of processing. 

2. Maximization of throughput. 

3. Balancing the workload on machines. 

4. Balancing the workload per machine for a system of groups of 
pooled machines of equal sizes. 

5. Unbalancing the workload per machine for a system of group of 
pooled machines of unequal sizes. 

6. Minimizing the number of part movements from one machine to 
another (or, maximizing the number of consecutive operations 
on each machine). 

7. Minimization of the tool movement. 

8. Minimization of refixturing and other setup activities. 

9. Filling the tool magazine as densely as possible. 

10. Maximization of the sum of operations priorities. 

The major constraints in loading include: the tool magazine 
capacity, the machine capacity, routing of parts, the number of 
available copies of a tool type and the allocation of fixtures and 
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t-onsi aerations related to operations and 

tooling flexibility, and operations versatility of machines play 

important role in meeting the loading objectives and. of course, 
tend to make the problem complex. 

A Brief Review of Previous work 

Loading problems with multiple objectives and multiple 
constraints have been attended by several researchers. Several 
types of optimization formulations such as 0-1 integer programrning 
(pure, mixed and nonlinear) have been proposed. A wide range of 
methodology including mathematical programming techniques, branch 
and bound, Lag rang i an relaxation have been suggested to obtain 
solution of the loading problem. In addition, in response to 
analytical complexity of the problem, heuristic procedure and 
simulation appear to dominate the list of solution methodologies. 

As mentioned earlier, solutions to the loading problems in 
FMS need to be obtained in conjunction with certain other 
operational and setup decisions for an effective integration and 
coordination of various elements of the system. Several 
researchers have presented the integration of loading problem with 
scheduling, grouping, part mix determination, etc. 

In the subsequent paragraphs, a brief review of some of the 
earlier work is presented. The pure loading problem is taken 
first to be followed by its integration with other functions, and 
then the structural approaches. 

Stecke (1983) has formulated the loading problem as a 0-1 
nonlinear mixed integer programming problem. For the objectives 
3, 4, 5 and 6 listed earlier, operations are assumed to have fixed 
routing, while for the objectives 9 and 10, the condition on 
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capacities of the machines and the tool magazines. 

A branch and bound approach was suggested by Stecke and 
Berrada (1986) for the minimization of the workload unbalance on 
machines. The problem considered is the same as one by Stecke 
(1983), but the approach for solving the problem is different. 
This problem and the solution methodology was extended by Shanker 
and Srinivaslu (1986) for the case of random FMS. For the 
problems where each part had only one operation, the objective is 
to minimize the workload unbalance and job lateness, whereas for 
the problems where parts had multiple operations, the objective is 
the maximization of the assigned workload. They also suggested 
three heuristics each for a different problem situation having 
bi-criteria objective of minimizing the workload unbalance and 
maximizing the throughput. In the first heuristic, primary 
objective is to minimize the unbalance while in the other two, 
maximization of the throughput is considered. For the first two 
heuristics critical resource is tool magazine capacity, whereas 
for the third it is the machine capacity. 

Loading problems were also considered by numerous other 
researchers. Na et al (1987) considered the problem of minimizing 
tool transfer between versatile machines where a part is to be 
completely processed on a single machine only. The constraints 
were imposed on the number of copies available of each tool type, 
tolerable workload unbalance and tool magazine capacity. It is 
assumed that each tool type requires the same amount of tool 
slots, and the formulation presented considers the requirement of 

a single slot by each tool type. 

O’grady et al (1987) considered the problem of choosing 





compatible subset of candidate orders for processing in a FMS 
subject to the machine capacity available in the planning period. 
Parts have unique job routing. The slot requirement of each tool 
is unity. A structural framework is also suggested for resolving 
potentially conflicting multiple performance objectives. 

Sarin and Chen (1987) formulated the problem as 0-1 integer 
programming problem of minimizing cost of processing considering 
constraints on the capacities of machines and tool magazines, and 
on the life of cutting tools. The salient difference from the 
model of Kusiak (1985) is an additional restriction imposed on the 
number of different operations that can be assigned to a 
particular cutting tool. The formulation assumed fixed routing 
for each of the parts. Lagrangian relaxation of the problem was 
proposed and the solution is obtained using subgradient algorithm. 
The distinguishing characteristic of the formulation is the 
consideration given to the tool and machine combination where a 
tool can be assigned to only a limited number of machines and the 
jobs which require certain tools can be performed on only those 
machines which support these tools. The tools of the same type 
are given a different number and are considered separately making 
the assignment of duplicate tools to the same machine possible and 
leading to increased tooling flexibility. It was claimed that the 
assignment of duplicate tools will allow the system to have the 
potential of routing parts alternatively through the machines for 
real time operational control. The formulation, however, does not 
seem to explicitly take care of such possibility of alternate 


routi ng . 

Chakrabarty and Shtub (1987) formulated the problem as a 



nonlinear integer programming problem where the sum of the costs 
on setup and inventory carrying was to be minimized subject to the 
constraints on pallet allocation, tool magazine capacity and on 
the completion of all the operations within the planning horizon. 

Lashkari et al (1987) considered a somewhat different 
configuration of FMS where if a part for the processing of its 
next operation requires a different machine and/or a different 
fixture, then the part is brought to the central storage and from 
here it is transported to the desired machine. The objectives 
considered are the minimization of: (i) traffic and (ii) 
refixturing activities. The mathematical expressions representing 
the allocation of certain group of operations of the same part on 
a machine and also the tool slot saving are nonlinear in nature. 
The problem with the constraints on the number of copies available 
of each tool type and unique routing is solved after linearizing 
the nonlinear terms. The consideration for the tool slot 
consumption is the same as used by Stecke (1983). Wilson (1989) 
proposed a reformulation of this problem which avoided the 
nonlinearities of the formulation proposed by Lashkari et al 
(1987). However, the slot requirement of an operation is conside- 
red to depend on the machine on which it is to be performed. 

Integrated loading and grouping problems were considered in a 
MRP II framework by Mazzola et al (1987) including constraints on 
machine capacity and the tool magazine capacity with slot saving. 

An effort was made by Greene et al (1986) for integrating 
loading problem with scheduling considering the operations 
sequence. Each part is to be assigned to one of the ceils which 
operate independently. Loading-cum-schedul ing decision problem is 
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mathematically modeled. The objectives considered are the minimi- 
zation of: ( 1 ) makespan time, (ii) mean flow time, and (iii) mean 
lateness. 

A hierarchical approach for solving the problem of grouping 
and loading was used by Stecke (1986). At the first stage, 
aggregated level of details are used and certain results are 
obtained using closed queuing network model which are then used by 

the lower level in hierarchy that considers all the details of the 
problem. 

Kiran (1986) considered the operation assignment problem 
along with part mix selection problem for the objective of 
maximizing throughput. The constraint considered are on the 
machine and the tool magazine capacities, and also on the number 
of copies available of each tool type. In addition, a constraint 
is imposed on the number of machine changes for each of the parts. 
The way in which fixture allocation constraint is imposed, it does 
not affect either the selection of a part for production or the 

m 

assignment of an operation to a machine except when a limit on the 
total number of fixture changes is considered. The solution to 
the problem is determined by decomposing the relaxed problem into 
four sub-problems which are solved easily. 

Comments on Loading Considerations 

From the descriptions presented in the previous paragraphs, 
it can be observed that majority of the researchers have 
considered the loading problems with the constraints on tool 
magazine capacity and processing time availability on machines. 
Only few have included constraints on pallet and fixture 


allocation. 





The constraint related to the tool magazine capacity makes 
the formulation quite complex because of the nonlinear terms 
(Stecke (1983)). The net slot requirement of the tools on a 
machine is computed as the sum of slots required by the individual 
tools to be used for the various operations assigned to the 

machine minus the slots saved. The saving in slots requirement 
may arise due to (i) tooling flexibility when more than one 
operation may require some of the same tools and thus only minimal 
number of tools are assigned (tool duplication), and (ii) physical 

placement of tools on the magazine that may result into some 

efficient knapsacking of inter-slot space (tool overlapping). 
Such saving arises because of the varying flank size of tool 

shanks that are to be placed on the magazine in the equispaced 
slots. 

There are several difficulties involved in the computation of 
tool slot requirement. First of all, computation of slot savings 
will involve consideration of various permutations of arrangement 
of tools in the tool magazine and thus complex expressions 
involving nonlinear terms. On the other hand, if the machines 

have different inter-slot spacings on their magazines, the problem 
of computing slot requirement would become further complex. 
Hence, in the absence of a specific method for counting the 
precise slot requirements of tools, it may become difficult to 
find tool slot savings for a group of tools when these are placed 
together on a magazine. It should further be noted that in the 
nonlinear expression showing the total tool slot requirement, a 
term itself represents the tool slot saving for the tools that are 
put together in the same tool magazine. Since the difference 
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between the sum of the individual slot requirement and the maximum 
saving in the total tool slot requirement obtained by the placing 
the tools properly into the tool magazine gives the net slot 
requirement of the tools, other intermediate combinations of tools 
and their resulted saving need not be considered. Since the tools 
that will be assigned to a machine are not known apriori and thus 
this kind of simplification would not be feasible. 

Further, since the number of different types of operations 
that can be performed on a machine depends upon the number of 
different types of tool that are placed in the tool magazine of 
limited slots; in order to reap the maximum benefit tools should 
be placed into tool slots judiciously, and for that the slot 
requirement of each tool type must be correctly expressed and used 
in the formulation. In a later section of this chapter, efforts 
have been made to suggest few methodologies for counting the slot 
requirements of the tools. 

The problem of allocation of pallets and fixtures has been 
viewed to depend on the operation of a part, paying no explicit 
consideration to the machines on which the operation is carried 
out. Pallets and fixtures can be universal or part-specific and 
they can take up more than one part at a tin«. In case of 
part-specific fixtures and pallets, the allocation decision is 
trivial. The universal pallets and fixtures can be treated as 
general resources and incorporation of such consideration will 
make the problem of loading further complex to analyze and solve. 
The problem of assignment of pallets and fixtures can t3 taken up 
at scheduling stage where considering the nature, type and use of 
the pallets and fixtures, one can find these decisions with lesser 
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efforts. 

Scops 3 . 0 ^ Qrgsni zstion of the Present Chsoter 

In the present chapter, attempts have been made to formulate 
the problem of machine loading and tool allocation for two 
situations. One in which an operation is restricted to be 
processed using only a single combination of a tool and a machine 
(unique routing), and the other in which more than one such 
combinations are included in the final assignment (multiple 
routing). For the first case of unique job routing the problem of 
scheduling may get simplified to some extent, but throughput rate 
may go down due to starvation and blocking at machines. In the 
case of multiple routing, the jobs will obviously have, more 
routing flexibility, and thus the production system will have 
comparatively lesser congestion and better throughput rate. 

The models developed consider constraints on the capacities 
of the tool magazines and the limit on the number of copies 
available of each tool type. The capacity of the machines are 
also considered in the problem formulation. Besides the object- 
ives of minimizing the processing cost and overload on the 
machines, and maximizing the processing flexibilities, the 
objective of minimizing the maximum processing workload on the 
machines is also considered. This objective while minimizes 
indirectly the unbalance in the workloads of the machines, it also 
provides an estimate about the minimum time required to process 
all the operations on all parts. 

The processing flexibility is provided by allowing assignment 
of operations to more than one machine where each machine itself 
is sufficient to process that operation on all the units of the 
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performance for the problem of minimizing the system unbalance 
using the corresponding heuristic and sequential loading method 
with different dispatching rules. 

Kusiak (1985) considered the tool magazine flexibility in 
which to a machine more than one tool magazines are allocated and 
depending upon the requirements of the operations, magazines are 
changed over. However, no explicit considerations are given for 
tool slot saving resulting from tool duplication and overlap which 
was one of the major considerations accorded by Stecke (1983). 
The objective is to minimize the sum of cost of processing all the 
operations and the total penalty cost of tool magazine changeovers 
over various machines. In the other paper (Kusiak (1985)), he 
proposed four more models for tool allocation and machine loading 
in FMS. All the models consider the objective of minimizing the 
cost of processing the operations over all the batches of parts. 
All the operations in a batch were apparently of the same type and 
were allowed to be performed on more than one machine. In the 
first model, a constraint is imposed on the total processing time 
which can be imparted by a machine to a batch, whereas in the 
second model a constraint is imposed on the tool magazine 
capacity, and in the third model constraints are imposed to 
consider machine capacity and tool life. The fourth model has the 
features of all the models. The solution to these models are 

obtained using subgradient algorithm. 

Later, while describing a structural approach for solving FMS 
problems, Kusiak (1985) proposed two more loading models, one for 
unique job routing and the other for alternate routing. The 

objective is the minimization of cost with the constraints on the 
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machines which (i) may be versatile or (ii) may not necessarily be 
versatile. The details of the problems, the corresponding formul- 
ations and examples are given for each of these two different 
situations in the subsepuent subsections, 

6.3.1 All Machines Versatile 

In the case where in an FMS, all the machines are versatile, 
following additional assumptions are made. 

(i) An operation can be performed on any machine. 

(ii) A tool can be loaded on any machine. 

(iii) The machines though functionally versatile need not be 
identical in terms of their size, power and machining 
characteristic (speed, feed, etc.). 

In the following subsections, three models are presented each 

considering a different objective for the loading problem. 

6. 3. 1.1 MINIMIZATION OF PROCESSING COST 
OBJECTIVE FUNCTION 

The objective of minimization of the total processing cost 
can be written as : 

N M 

Minimize ^ 1 1 1 ^nijk ^nijk' 

n=1 ieB(n) j=1 ket(i) 

CONSTRAINTS 

The constraints on the loading problem are described below. 

( i ) Load on machines 

The processing load of the operations assigned to any machine 
should not exceed the available capacity. This constraint is 
expressed as: 
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I I I 

n=1 ieB(n) ket(i) 


nijk ^nijk 


( 6 . 2 ) 


( i i ) Unique routing and tooling 

An operation of a part in the final loading decision is 
carried out on only one machine and using only one tool type. 
This constraint is written as; 

M 

I I ^nijk ■ n = 1, N and v i e B(n). (6.3) 

j=1 ket(i) 



As mentioned in the previous section, the tool slot 
constraint contributes to the maximum complexity in formulation of 
the loading problem when savings in slot requirement due to tool 
duplication and overlapping are incorporated (Stecke (1983)). The 
saving due to tool duplication need not be considered if it is 
ensured that to a tool magazine only one copy of a tool type is 
assigned. The consideration of slot saving due to tool overlap 
will largely depend upon the method for counting the slot 
requirement of each tool type as can be seen from the following 
discussions. 

In Figure 6.1, a tool magazine is shown with five tools 
mounted on it. The small circles represent tool shank periphery. 
If slot requirement of a tool is taken on the basis of slots 
physically covered by them, then the slot requirements of the 
tools I, II, III, IV and V will be 1, t, 3, 1 and 1, respectively. 
For the present arrangement of the tools into the tool magazine, 
the slot requirement determined for each tool type is alright. 
However, the problem arises when some different physical 
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arrangement of the tools in the magazine is considered. For 
example, when tool II is placed between any pair of the tools I, 
III and V, then it requires only one slot. But when it is placed 
in between tools IV and V, it requires more than one tool slot. 



Figure 6.1: Tool Drum with Tools Mounted on it. 


The difficulty observed in the determination of tool slot 
requirement can be overcomed using the following two approaches. 
While describing the two approaches, the rationale behind each of 
these is also discussed. 

(e) The slot requirement of a tool type is given as. 
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where and d^ are as shown in Figure 6.1 and 

P X ”1 ■"^Pi'ssents a largest integer smaller than or equal to x. 
It can be noted that the above expression tries to find the 
slot requirement of a tool as the minimum number of slots 
within which the tool can be accommodated. For example, the 
slot requirement of the tools I, II, m, iv and V shown in 
the Figure 6.1 will be 3, 3, 5, 3 and 3 respectively. It can 
also be seen that the slot requirements of tools determined 
using the above expression will always be odd. 

For the two tools that are placed together at kl-th and 
(k1 + 1)-th position in the magazine, the slot saved 
can be expressed as: 

Number of slots whose centers 
have been covered by the two 
tools when placed quite close 
to each other 




From the above definition of the slot saving, it can be 
seen that as expected the actual slot requirement will depend 
upon the arrangement of the tools in the magazine. If the 
adjacent tools are properly placed, then each such pair of 
tools that are placed close together will result into a 
saving of two slots at the most. In any case, the two tools 
placed close together will result into slot saving of one. 
As shown in Figure 6.2, the slot requirements of the tools I, 
II, III and IV are 5, 3, 5, and 3. respectively. The tools I 
not compatible in the sense that their shank 


and II are 
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peripheries are interfering, and thus result into slot saving 

of one , whereas compatible tools I and III placed closely 
yield slot saving of two. 



Figure 6.2: An Example for Illustrating Tool Slot Saving. 


From the above, it can be concluded that the slot 
reQuirements of the tools determined using the scheme 
discussed in the previous paragraphs are always odd, and the 
number of slots saved for a pair of tools placed closed 
together is always positive. 
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The scheme mentioned here is somewhat different from 
that of Stecke (1933), and of Stecke and Berrada ( 1986) where 
slot requirements of tools are not necessarily represented by 
odd numbers, and savings for various pairs of tools are also 
not necessarily positive. 

The total slot requirement for a set of tools K, i.e. 
can be determined using the expression given below. It is 
assumed that the set K contains all the tools that are to be 
placed into a tool magazine. Further, the tools are placed 
in the magazine in a order in which they appear in the set K. 
In the following expression, s^^ denotes slot requirement of 
the tool at k-th position. 



It can be observed from the above expression that the 
total slot requirement for a set of tools is equal to the sum 
of individual slot requirement of tools less the savings for 
each pair of adjacent tools. Hence, the total slots consumed 
will be equal to the number of slots whose jcenters have been 
covered by the tools. The minimum total slot requirement can 
be different from that obtained using the above expression 
and can be determined by solving the related problem as a 
symmetric travelling salesman problem as shown by Agrawal and 
Shanker (1988). 

It should be noted that the slot requirement of a tool 
may vary with the tool magazine, and so would the total slot 
requirement for a set of tools. 
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(b) The above mentioned scheme for counting the total slot 
requirements of tools involves determination of slot savings 
and arrangement of tools in the tool magazine. The formula- 
tion incorporating such saving will be complex making the 
loading problem more difficult to solve. The amount of slot 
saving between a pair of tools depends upon their shank 
diameters. If the two tools are compatible, then the saving 
is of two slots, else of one showing that the number of slots 
saved depend upon the shank diameters of the tools causing or 
not causing interference. In case of compatibility (no 
interference), no slot except that covered by the tools of a 
pair will be unused; whereas in case when the two tools 
interfere, one slot will be forced to remain idle besides 
those which are covered by the tools themselves. 

In general, the shank diameters of the tools may be 
different from each other. If the variation in the compatib- 
ility between two tools varies uniformly, then the saving in 
the slot requirement of the two tools need not be considered 
provided slot requirements of the tools are determined using 
the following relation: 



If the slot requirements are computed using the relation 
given above, then for the tools I, II, HI and IV (shown in 
the Figure 6.2) the slot requirements will be 4, 2, 3 and 1 
respectively. It can be noticed that the number of slots 
whose centers have been physically covered by the tools I and 
II are different from their respective computed slot 
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The constraints (6.6) and (6.7) are joined together and are 
represented by the following single constraint. 


^jk - ^nijk ^ 0 


DECISION VARIABLES 
^ni jk 


i = 1, .... N; V i e B(n); 

j = 1, .... M; V ket(i). (6.8) 

n = 1 , . . . , N; V i e B(n) 

j = 1 , .... M; V ket(i ) (6,9) 


Zjk = 0 or 1 


J *“ ij ...J k “ iy ...J T. 

( 6 . 10 ) 

MODEL (M6.1) 

The formulation of the problem is summarized below. 


N M 

Minimize ^ ^ 

n=1 ieB(n) j=1 ketd) 

Subject to: (6.2), (6.3), (6.4), (6.5), (6.8), (6.9) and 


E E ^nijk ^nijk 


( 6 . 10 ). 

The number of variables and constraints used in the above 
formulation are as follows. 

f N 

Number of variables = M -< £ J] }t(i)| 

ln=1 ieB(n) 


Number of constraints = M'l2 it(i)ll + J] }B(n)|+2M + T 

|n=1 i€B(n) j n=1 

EXAMPLE 

For illustration, an example (Example 6.1) with the data 
given in Tables 6.1, 6.2 and 6.3 is solved on IBM compatible PC/AT 
using LINDO software. The results on operations assignments are 



351 


given in Table 6.4, and that . 

t.nat on tools allocations and capacity 

utilization in Table 6.5. 


6. 3. 1.2 MINIMIZATION OF MAXIMUM LOAD ON MACHINES 
OBJECTIVE FUNCTION 

The objective function can be expressed as 


Minimi ze 




The above objective can be equivalently written in the 
following form. 

Minimize L, (6.11) 

where 

N 

Z Z Z ^nijk ^nijk ^ ^ ~ 

n=1 ieB(n) ket( i ) 

CONSTRAINTS 

For the objective of minimizing the maximum workload on 
machines, the constraint on the load on machines bears no 
relevance, and thus is not included. The other constraints on 
unique routing and tooling, slots used by the tools allocated to a 
machine, copies of each tool type and on tool allocation are the 
same as described in the Section 6. 3. 1.1. 

MODEL (M6.2) 

The formulation of the loading problem for the objective of 
minimizing the maximum workload is briefly described below. 

Minimize L 

Subject to* (6 . 12 ), (6.3), (6.4), (6.5), (6.8), (6.9) 


and (6.10). 
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Table 6.1: Resource Requirements and Related Costs for the 
Operations of the Parts (Example 6.1). 





N = 5; 

M = 3 

and T = 

5 



Part 

(n) 

Operation 

(ieB(n)) 

Tool 

type 

(ket(i)) 

Processing 
machine (C 

cost on 
ni jk^ 

Processing 
machine (T 

time on 
nijk^ 

1 

2 

3 

1 

2 

3 

1 

1 

1 

4 

6 

10 

6 

10 

4 



2 

5 

12 

3 

7 

3 

8 


2 

3 

6 

7 

5 

7 

5 

6 


3 

4 

10 

11 

4 

1 1 

4 

10 

2 

4 

2 

7 

6 

3 

8 

5 

8 



2 

12 

5 

4 

3 

2 

8 



5 

1 

2 

10 

13 

1 1 

3 


5 

4 

9 

6 

4 

7 

8 

3 

3 

6 

2 

2 

3 

5 

8 

7 

1 



3 

11 

4 

9 

3 

3 

7 


7 

5 

5 

7 

1 1 

2 

9 

5 



1 

2 

3 

6 

10 

7 

5 


8 

2 

4 

5 

1 

1 1 

3 

9 



4 

2 

3 

4 

10 

1 1 

8 


9 

1 

5 

6 

9 

2 

3 

7 



2 

1 1 

3 

7 

3 

6 

5 

4 

10 

5 

2 

1 

3 

5 

7 

9 



1 

1 1 

4 

8 

3 

7 

10 


11 

3 

9 

4 

9 

3 

8 

5 

5 

12 

2 

12 

4 

6 

3 

7 

6 


13 

2 

2 

1 

6 

4 

5 

9 



4 

7 

9 

4 

8 

4 

2 


14 

1 

10 

8 

7 

7 

9 

9 
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Table 6.2: 


Available Copies and Slot Requirements of 
Various Tool Types {Example 6.1). 


Tool Type 
(k) 

Slot Requirement 

Number of Copies 

'■V 

1 

3 

2 

2 

2 

3 

3 

3 

3 

4 

1 

2 

5 

2 

1 


Table 6.3 : 

Machine and Tool Magazine 

Capacity (Example 

Machine 

Available Processing 

Tool Magazine 

( j ) 

Time (C.) 

Capacity (U.) 

nj 

1 

35 

5 

2 

35 

5 

3 

50 

5 


Table 6.4: Operations and Tools Assignments for the 
Objective of Minimizing Total Processing 
Cost (Example 6.1). 


Part 

Operation 

Machine 

Tool Type 

1 

1 

3 

2 


2 

2 

3 


3 

3 

4 

2 

4 

3 

2 


5 

3 

4 

3 

6 

1 

2 


7 

1 

1 


8 

3 

2 


9 

2 

2 

4 

10 

3 

5 


11 

2 

3 

5 

12 

2 

2 


13 

2 

2 


14 

1 

1 


The total optimal processing cost = 51 units 



Table 6.5. Tool Allocation and Capacity Utilization 
tor the Objective of Minimizing the Total 
Processing Cost (Example 6.1). 


Machi ne 

Types of Tool 
Allocated 

Capacity 

Used 

Slots 

Consumed 

1 

1,2 

25 

5 

2 

2,3 

33 

5 

3 

2,4,5 

47 

5 


The number of decision variables and constraints involved 
the above formulation are the same as that in the model M6.1. 


Table 6.6: Operation Assignment Detail for 
the Objective of Minimizing the 
Maximum Workload on Machines 
(Example 6.1). 


Part 

Operation 

Machine 

Tool Type 

1 

1 

1 

1 


2 

2 

3 


3 

3 

4 

2 

4 

2 

3 


5 

3 

4 

3 

6 

2 

3 


7 

1 

5 


8 

2 

2 


9 

1 

1 

4 

10 

1 

1 


11 

3 

3 

5 

12 

2 

2 


13 

3 

4 


14 

1 

1 


The maximum workload = 20 units 
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EXAMPLE 

The numerical example given in the Section 6. 3. 1.1 (Example 
6.1) solved for the objective of minimizing the maximum workload 
yields assignment of operations as given in Table 6.6. The tool 
allocation and capacity utilization is shown in Table 6.7. The 
maximum workload on the machines for this assignment in 20 units 
whereas for the objective of maximizing the total processing cost 
is as high as 47 units. 

Table 6.7: Tool Allocation and Capacity Utilization 
for the Objective of Minimizing the 
Maximum Workload on Machines (Example 6.1). 


Machine 

Types of Tool 
allocated 

Capacity 

Used 

Slots 

Consumed 

1 

1,5 

20 

5 

2 

2,3 

20 

5 

3 

3,4 

20 

4 


6. 3. 1.3 MINIMIZATION OF THE SUM OF OVERLOADS ON MACHINES 

In certain manufacturing situations, the time allocated 
initially on some of the machines may not be sufficient to process 
all the operations on all the units of parts even when the 
operations can be performed on more than one machine because of 
the multifunctionality of the machines. Therefore, for the 
complete processing some of the machines would require to be 
overloaded. It is natural to desire that the total weighted 
workload on the machines be as minimum as possible. The objective 
of minimizing the the sum of overload on machines can be written 
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as : 


Minimize 


M 

E W.O., 


J = 1 


Except the constraint on the load on the machines, the other 
constraints will be the same as given in the Section 6. 3. 1.1. The 
constraint on the load of the machine will be; 


N 


I I 

n=1 ieB(n) 


I 

ket( i ) 


^nijk ^nijk 


- Oj = Cj 


where 


O. i 0 


3 * 1, •••, M 

j = 1 , . . . , M. 


For the example given in the Section 6, 3. 1.1, a solution has 
already been obtained which does not require additional time on 
any of the machines. The solution will remain optimal even for 
the objective of minimizing the sum of overload on machines. 
However, a different solution may be obtained when the sum of 
overload and underload on machines is to be minimized. 

6.3.2 Machines not Necessarily Versatile 

The manufacturing system considered in the Section 6.3.1 is 
assumed to have the machines that are capable of processing all 
the operations. In practice, all the machines in a FMS need not 
be versatile to this extent and may process only limited number of 
operations. A production system of this kind is described by the 
following assumptions in addition to those described in the 
beginning of the Section 6.3. 

(i) An operation can be performed only on limited machines. 

(ii ) tool type can be mounted only on some machines because of 
the limitations on the shape, size and functional 
characteristics of the tool. 
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(iii) The tool needed to perform an operation may depend upon the 
machine to be used for the processing. 

Notations 

Following are the notations in addition to that defined in 
the Section 6.2 used for formulating the loading problem. 

B(j) = set of the indices of the operations that 
can be performed on machine j 

t(j) = set of tool types that can be allocated 
to machine j 

m(i) = set of machines that are capable of performing 
operation i 

m(k) = set of machines on which tool type k can be 
loaded. 

In the following subsections, models are developed each for a 
different loading objective. 

6.3.2. 1 MINIMIZATION OF PROCESSING COST 
OBJECTIVE FUNCTION 

The objective of minimization of the total processing cost is 
expressed as: 

N 

Minimize III I C^ijk ^^nijk’ 

n=1 ieB(n) j€m(i) ket(i)nt(j) 

CONSTRAINTS 

The expressions for the various constraints are as follows : 

( i ) Load on machines 

For the case where machines may be not be versatile, and all 
the tools may not be loaded on all the machines, the constraint 
that total workload of the operations assigned to a machine should 



Table 6.8: Resource Requirements and Related Costs for the Ooerati 
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Table 6.9: Available Copies and Slot Requirements oT Various 
Tool Types (Example 6.2), 
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Table 6 . 11 . Operation Assignment Details for the 
Objective of Minimizing the Total 
Processing Cost (Example 6.2). 


Part 

Operation 

Machine 

Tool Types 

1 

1 

1 

1 


2 

4 

2 


3 

1 

4 

2 

4 

5 

3 


5 

2 

5 

3 

6 

5 

3 


7 

4 

4 


8 

3 

2 


9 

3 

2 

4 

10 

5 

3 


1 1 

2 

5 

5 

12 

2 

5 


13 

3 

2 


14 

3 

2 


The optimal processing cost = 66 units 


Table 6.12: Tool Allocation and Capacity Utilization for the 
Objective of Minimizing the Total Processing Cost 
(Example 6.2). 


Machi ne 

Allocated Tool Types 

Capacity Used 

Slots Consumed 

1 

1 A 

16 

4 

2 

1,5 

14 

5 

3 

2,5 

34 

4 

4 

2,4 

10 

3 

5 

3 

15 

3 


, 6. 3. 2.2 MINIMIZATION OF MAXIMUM WORKLOAD ON MACHINES 

OBJECTIVE FUNCTION 

The objective of minimizing the maximum workload on machines 


is written in the following form. 
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Minimize L 
such that 


n=1 ieB(n)nB(j) ket(i)nt(j) 


^nijk ^nijk ^ j""® 


M 


( 6.21 ) 


CONSTRAINTS 

In this case also, the consideration of the constraint on the 
workload of machines has no relevance. The other constraints are 
the same as described in the Section 6.3.2. 1. 


MODEL (M6.4) 


The formulation of the problem will have the objective 
function and the constraints as described below. 

Minimize L 

Subject to: (6.21), (6.15), (6.16), (6.17), (6.18), (6.19) and 

( 6 . 20 ). 

EXAMPLE 

For the objective of minimizing the maximum workload on 
machines, the solution to the example (Example 6.2) described in 
the Section 6.3.2. 1 is given in Tables 6.13 and 6.14. 

It can be noticed that for the objective of minimizing the 
processing cost, the maximum workload is 34 units corresponding to 
machine 3 (see Table 6.12), whereas as shown in the Table 6.14, 
the maximum workload for the objective of minimizing the maximum 
workload is 27 units corresponding to machine 3. 

6. 3. 2. 3 MINIMIZATION OF THE SUM OF OVERLOADS ON MACHINES 

pQf" the case when all the machines are not necessarily 
versatile, the formulation of the problem for the objective of 
minimizing the total weighted overload on machines is as follows. 
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Table 6.13: Operation Assignment Details for the 
Objective of Minimizing the MayimL.m 
Workload on Machines (Example 6.2). 


Part 

Operation 

Machine 

Tool Type 

1 

1 

1 

1 


2 

4 

2 


3 

2 

3 

2 

4 

2 

3 


5 

2 

5 

3 

6 

5 

3 


7 

4 

2 


8 

3 

2 


9 

3 

5 

4 

10 

5 

3 


11 

2 

5 

5 

12 

2 

5 


13 

3 

2 


14 

1 

4 


The maximum workload = 27 units 


Table 6.14: Tool Allocation and Capacity Utilization Detail 
for the Objective of Minimizing the Maximum 
Workload on Machines (Example 6.2). 


Machine 

Allocated Tool 
Types 

Capacity 

Used 

Slots 

Consumed 

1 

1,4 

16 

4 

2 

3,5 

24 

5 

3 

*2,5 

27 

4 

4 

2 

8 

2 

5 

3 

7 

3 
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M 

Minimize S W.O^. 

j = 1 ^ ^ 


Subject to: 


^nijk ^nijk ~ ^j 


N 

I I 

n=1 ieB(n)nB(j) k£t(i)nt(j) 
and (6.15), (6.16), (6.17), (6.18), (6.19), (6.20) 

and 0 . 2: 0 

3 



M. 


The solution given in the Section 6.3.2. 1 for the Example 6.2 
is also feasible for the present case. Since the objective 
function value for this solution is minimum (equal to zero), the 
solution will be optimal even for the present problem. 


6.4 LOADING MODELS WITH ALTERNATE ROUTING 

The loading models developed in the previous section provide 
solutions for those problem situations where all the operations on 
all the units of a part that require the same machining parameters 
and setup support are to be processed using only one combination 
of a tool and a machine. The loading models that will be 
developed in this section, this restriction is removed and 
multiple routing for the parts is allowed. The various occurrenc- 
es of an operation whether on the same unit of a part or on the 
different units of the part are considered separately for 
assignment, and thus may get assigned to different machines and 
may require different tool types. The alternative routes for a 
part can be obtained in a number of ways as follows. 

(i) For no operation duplicate assignment is allowed and for all 
the operations of all the parts exactly required number of 

made. For example, for operation i of part 


assignments are 
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number of assignments to be made will be equal 

to (a„.b^.). 

(ii) Duplicate assignments of operations are allowed. That is, an 

peration of a part can be assigned to more than one 
machine. 

In the following two subsections, formulations of loading 
problems incorporating the alternate routings as mentioned above 
are presented. 

6.4.1 Operations not Duplicated 

In this case though the condition on unique job routing and 

tooling is relaxed, but the extra assignment of operations are 

prevented. Flexibility is provided by assigning various occurre- 
nces of an operation of a part to more than one machine and thus 
by allowing alternative routes for the operations of the various 
parts. Assignments of the operations to machines in this way not 
only brings in flexibility, but also helps in reducing the 
processing cost and unbalance in the workloads of the machines, 
and also in achieving a better machine utilization. These advant- 
ages are obtained by utilizing the remaining capacities of the 
machines for processing on a portion of certain batches, the 

operations for which these machines are definitely a better 

choice. 

The objective function and the constraints for the objective 
of minimizing the processing cost are as given below. 

MODEL (M6.5) 

Minimize ^ ^ ^ L *^nijk ^nijk (6.22) 

n=1 ieB(n) jemCi) ket(i)nt(j) 
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( 6 . 23 ) 


( 6 . 24 ) 

n = V i e B(n): 

j ^ m( i ) ; 

k e t(i)nt(j) (6.25) 

^nijk ^ ° integer n = 1, ..., N; V i e BCn); 

V j 6 ni( i ) ; 

V k e t(i)ntCj) (6.26) 

and (6.16), <6.17) and (6.20). 

The constraint (6.23) is related with machine capacity, 
whereas the constraint (6.24) with the completion of all the 
operations of the parts. The constraint (6.25) ensures that the 
required tools are assigned on the machines and also serves the 


purpose 

of linking the 

two variables X„... 

m Jk 

(general 

integer 

variable) and Z. (binary 

J K 

integer variable). 




In 

the above model , 

there is a mix of 

binary 

and 

general 

i nteger 

variables. The 

formulation will 

have 

only 

binary 


» e . 

variables provided X ■ ,, are replaced by sum of binary variables 

m ji K 

each for a single operation. Such representation will usually 
involve large number of binary variables (i.e. a^.b^^ number of 
variables for operation i of part n), and thus may not be 
desirable. However, using the scheme given below, variable 
can be expressed using much lesser number of binary variables. 



Subject to: 


V V V 

L L / X . sc. 

n=1 ieB(n)nB(j) jcm( i )nt ( j ) )nt( j ) 

j=1 , . . . , M 


V v 

z z ^ 

jeM( i ) ket( i )nt( j ) 


ni jk ~ ®n ^ni n = 1 , . . , , H; 


V i € B(n) 
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Table 6.18: 


Operation Assignment Detail 
of Minimizing the Total 
(Example 6.3), 


for the Objective 
Processing Cost 


Part Operation 

Machine 

Tool Type 

Number Assigned 

1 

1 

1 

1 

2 



5 

1 

8 


2 

4 

2 

5 


3 

2 

3 

10 

2 

4 

5 

3 

21 


5 

2 

5 

14 

3 

6 

5 

1 

3 


7 

4 

4 

3 


8 

3 

2 

6 


9 

3 

2 

6 

4 

10 

5 

3 

12 


11 

2 

1 

4 


11 

2 

5 

2 

5 

12 

2 

5 

12 


13 

3 

2 

4 


14 

3 

2 

8 


The total optimal processing cost = 419 units 

Table 6. 

19: Tool Allocation and 

Capacity Utilization for the 


Objective of Minimizing the Total 

Processing Cost 


(Example 6. 

3). 



Machine 

Al located Tool 

Types 

Capacity Used 

Slots Consumed 

1 

1 


16 

' ' 3' 

2 

1,3,5 


200 

8 

3 

2,5 


196 

4 

4 

2,4 


36 

/ 3 

5 

1,3 


298 

S' 
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From the result depicted in the Table 6.18, it can be seen 
that even though no extra assignment of operations are made, the 
routing flexibility is obtained for operation 1 by assigning out 
of the total 10 number of this operation (a^ = 5, b^ ^ = 2) 2 to 
machine 1 and 8 to machine 5. An important characteristic of the 
model of utilizing the machine capacity in best possible way can 
be observed from the assignment of the operation 11. For this 
operation, the best choice of tool is, of course, tool type 1. 
But due to more processing time requirement with the use of this 
tool as compared to that with the use of tool type 5 and little 
capacity left on machine 2, four number of assignments were forced 
to use tool type 5. From this, it can also be observed that the 
different occurrences of the same operation are carried out on a 
machine using different tool types. 

It can be seen that the maximum workload is 176 units of time 
as compared to 298 units corresponding to machine 5 for the 
objective of minimizing the total processing cost (see the Tables 
6.21 and 6.19). 

6.4.2 Duplicate Assignments of Operations 

In the models M6.1, M6.2, M6.3 and M6.4 described in the 
Section 6.3, a condition on unique routing and tooling has been 
considered. As mentioned earlier, the problem with such considera- 
tion will, of course, simplify the problem for the scheduling, but 
may bring down the throughput rate because of starvation of 
machines and blocking. This problem can be reduced if the 
condition on unique routing is relaxed and the leftover capacities 
of the machines and tool magazines are properly utilized. 



Table 6.20: 


Operation Assignment Data 
Minimizing the Maximum 
(Example 6.3) . 


il for the 
Workload 


Cbjec 
on M 





2 

4 

2 

3 

5 



5 

3 

16 


5 

2 

3 

13 



3 

5 

1 

3 

6 

5 

3 

3 


7 

4 

2 

3 


8 

3 

2 

6 


9 

3 

5 

6 

4 

10 

5 

3 

12 


11 

1 

1 

6 

5 

12 

2 

3 

2 



2 

5 

10 

13 

3 

5 

4 

14 

1 

4 

8 


The maximum workload = 176 units 


Table 6.21: Tool Allocation and Capacity Utilization for the 
Objective of Minimizing the Maximum Workload on 
Machines (Example 6.3). 
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In the present section, a formulation Is presented which 
allows multiple assignment of the operations on different 
machines. The assumptions made are as follows. 

(i) All the occurrences of an operation of a part combined 
together can be assigned to more than one machine. 

(ii) The occurrences of an operation of a part are performed on a 
machine using only one tool type. However, on different 
machines different tool types can be used. 

For the purpose of developing the formulation, all the 
notations that have been introduced in the Section 6.3.1 and 6.3.2 
are used. The formulation of the problem is almost the saii» as 
given in the model M6.3. The constraint (6.15) on unique routing 
and tooling is relaxed and is replaced by the following 
constraints. 


I 

k€t( i )nt( j ) 


^ni jk 


s 1 


n=1, ...,N;Vi€ B(n); 

¥ j e M(i) (6.28) 


I 1 ^ijk i 1 

j€m( i ) k€t(i)nt(j) 

n = 1, ..., N; V i € B{n) (6.29) 
The constraint (6.28) ensures that all the occurrences of an 
operation are to be performed on a machine using only one type of 
a tool. The constraint (6.29), of course, allows multiple 
assignments of operations. 

The objective of maximizing the processing flexibility can be 
expressed in number of ways depending upon the requirement and 


desi rabi 1 ity . 



Table 6.15: Resource Requirements and Related Costs for the Operations on 
the Parts (Example 6.3). 
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(c) Maximization of the sum of weighted f lexifc-, : , t> o- parts 
written as: 


Maximi ze 


N 


I I I 

Ln-1 ieB(n) j€m( i ) ket{i)nt(j) 


ni jk 


where is the weight associated with part 


n, 


(d) Maximization of the minimutn weighted part processing 
flexibility expressed as: 


Maximi ze 


minimum 

n 


{“n I I I Xnijk} 

ieB(n) jem(i) ket(i)nt(j) 


(e) Maximization of the minimum weighted operation processing 
flexibility expressed as: 


Maximi ze 


minimum 
n , ieB(n) 


fn I I 


ni jk 


jemz ket(i)nt(j) 


} 


The objectives of maxmin type can suitably be simplified. 
For example, for the objective of maximizing the minimum weighted 
part processing flexibility, the formulation of the problem can be 
expressed as : 


MODEL ( M6 . 7 ) 

Maximize R 
Subject to 

II I ’^nijk-’‘nijk j = 

n=1 ieB(n)nB(j) kGt(i)nt(j) 

I -nijk^' 

ket( i )nt( j ) 


V i e B(n) ; V jem(i ) 
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n = 1 , . . . ,N; V ieB(n) 

n = 1 , . . . , N 

j = t , . . . , M 

k = 1 , .... T 

n — 1, Nj 

V i € B(n); 

V j e md); 

V ket( i )ntC j ) 

n = 1 , . . . , N; 

V i e B(n) 

V j e m( i ) ; 

V ket( i )nt( j ) 

= 0 or 1 j = 1 , . . . , M; 

k e t{j) 

In the above model, for assignment of an operation to more 
than one machine it is must that the capacity of the related 
machines should be enough to process all the occurrences of the 
operation. Because of this restriction, capacity of some of the 
machines may still remain unutilized which could have been 
utilized to provide more flexibility. Thus, an intermediate 
approach can be followed where number of duplicate assignments for 
9n operation need not necessarily be an integer multiple of all 
the occurrences of the operation. 


I I 


jeM(i) ket(i)nt(j) 


X . 

mjk z 1 


“n I I 

iGB(n) jem(i) ket(i)nt(j) 

Y 3 „ Z,„ s U, 


^ I' 


ket( j ) 


’k "jk ^ 


I z... ^ V, 


kemC k ) 


■jk “ ''k 


^jk ^nijk ^ 


X ... = 0 or 1 
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such resources and win deoenri .lnor^ 

P upon the dispatching policies used. 

above, two methodologies have been suggested for 
counting the slot requirement of the tools. The amount of slot 
saved for the two tools placed together depend upon the methodo- 
logy used for counting slot requirement, m the first case, slot 
saving is always a positive number, while in the other, it is not 
required to consider slot saving explicitly. In the models 
proposed, a different method has been adopted where saving due to 
tool duplication is not required to be considered separately and 
thus avoids the complex nonlinear terms from the formulation. 
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Summary and Conclusions 

In the present work, the design and operational problems 
related with grouping of parts and machines, and allocation of 
machines and tools to the operations in Flexible Hanufacturing 
System (FMS) environment have been studied, and models and 
solution methodologies have been presented. The FMS envisaged 
incorporating routing and tooling flexibility is assumed to 
provide alternative process plans for the parts. 

Major contribution of the present thesis can be enlisted as : 
introduction of a new measure of commonality for grouping, 
formulation of generalized grouping problem using the approach for 
formulating p-median, p-centre and graph" parti tioning problem, and 
development of loading models incorporating different flexibility 
measures. The summary and conclusions for each of these are given 
at the end of respective chapters. However, the salient features 
are briefly reproduced in order to have an overall comprehensive 
and organized review of the present work. 

The ■ inadequacy of the popular existing similarity measures to 
incorporate the generality and flexibility of FMS, as considered 
in the present work , has been a strong motivational factor for 
introducing two new commonality irteasures, viz. Relative 
Requirement compatibility (RRC) and Absolute Requirement 
Compatibility, to be used for determining the commonality between 
a pair of parts, process plans, and a part (process plan) and a 
machine considering the bases of processing times, the number of 
operations, and the number of machines and tools. These measures 



have been found to be auite aonor-=-i 

quite general and also to provide the 

framework that can directly be used fr^r- 

y used for determining the similarity 

based on the requirements of other resources, such as. jngs, 

fixtures, etc.. The relationship between RRC, Jaccard's simila- 
rity coefficient, product type similarity coefficient and cell 
band strength, have been established. These relations are analys- 
ed in the light of judging the relative discriminating power of 

all these measures, and it has been found that RRC 1s the best 

amongst all. Numerical illustrations and examples covering a vide 
range of grouping problem scenarios also confirm this observation. 
This fact also gets stemmed from the analysis carried out on the 
numerical values of these commonality measures which, in addition, 
provides guidance and informative details for the determination of 
threshold values of the measures to be used as cut off points in 
applying certain grouping methodologies.^ 

The generalized grouping problems with several extensions 
have been formulated using three distinct approaches of formulat- 
ing p-median, p-centre and graph partitioning problems. The 
models for the grouping are proposed both for operational and 
design decisions. At the operational level grouping problem in 
FMS, the aim is to form logical groups of parts and machines, 
while at the design level it focuses on the physical grouping. 

The existing p-median grouping formulation of Kusiak and 
generalized assignment formulation of Shtub are analyzed and 
improved in terms of lesser number of required variables and 

constraints. The shortcoming of these models of not resulting 

I 4+10 rfn<;<;ible to achieve, has been 
perfect grouping even when it is possiDie 

illustrated using an example. The problem is rectified by the 
inclusion of an additional constraint on group diejointedness, 
while the use of RRC as a measure of commonality reduces the 
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chances of such occurranr-oe 

nces as compared to the simple matching 

similarity coefficient used by these authors. 

For the problems at operational level, p-median problem 
formulation considers the objective of maximizing the sum of 
similarity between member process plans and the plans that 
represent the corresponding groups. On the other hand, p-center 
formulation maximizes the minimum similarity of member process 
plans with plans representing process families and thus enhancing 
the homogeneity in group. In graph partitioning approach, instead 
of maximizing the similarity between a pair of a process plans, 
the similarity between process plans and the machines that belong 
to the same group is maximized. An alternative objective has also 
been to minimize the total inter cell movement cost. The grouping 
models at the design level consider the objective of minimizing 
the investment on machines required to result disjoint groups, and 
are proposed using the approaches of p-median and group partition- 
ing problems formulation. These approaches also consider certain 
other important factors related with the design and operations of 
the system, such as, the limits on the size of the part families 
and machine cells, the number of machines of each type and the 
capacity of machines, thus making the decisions more practical and 
amenable for application in manufacturing environment such as FMS. 
On the other hand, consideration of these features of grouping 
makes the problem harder to solve. With this in view, heuristic 
approaches for some of these models have been proposed. 

The heuristics developed for p-median and p-centre grouping 
formulations determine the groups in an hierarchicaT manner. 
First, p process plans are determined in a greedy manner to 

of process families. Using this 


represent the required number 



are made to improve the 


are carried out. Next, the efforts 
objective function value by perturbing selectively the plans 
representing process families. The heuristic based on graph 
partitioning approach forms the groups simultaneously. In 
addition, the heuristics have also been proposed which are based 
on the concepts of Lagrangian relaxation and use subgradient 
optimization procedure for seeking the optimal solution. 

In the process of development of the models and solution 
methodologies, it is found that similarity coefficient based 
approaches are more suitable for forming the groups hierarchically 
in case of simple grouping where each part has a single process 
plan. In generalized grouping, such as in FMS, they do not seem 
to serve the purpose much. Graph partitioning formulation when 
used for hierarchical group formation may lead to an inferior 
grouping solution as it may not account, for the disjointedness of 
the groups in hierarchical approach of group determination. 

Some of the models proposed for grouping intrinsically 
integrate the loading problems for providing solution to assign- 
ments of operations to machines. Additional allocation decisions, 
such as of tools, can also be determined using the loading models 
presented in this thesis. 

The proposed loading models are sufficiently general incorpo- 
rating the flexibility in performing an operation using various 
combinations of tool and machine types. The models are free of 
nonlinear terms required to represent the savings in the total 
slot requirement due to tool duplication and overlapping. The 
savings because of tool duplication are accommodated in the 
proposed formulation itself and no separate expressions are 
required. The savings due to tool overlap are shown to depend 
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t o s Out of the two proposed methods, one suitably takes care 
of the savings due to tool overlap. m fact, the computation of 
slot requirements is done in a way that does not require explicit 
consideration of savings due to overlap. The other proposed 
method shows a systematic way for counting the slot requirements 
of tools and also for determining the total savings due to tool 

overlap, but does require explicit mention of the related 
expression. 

Generally, incorporation of flexibility into consideration 
makes the loading problem complex to solve and analyze, but helps 
to increase the throughput rate and to utilize the resources in a 
better manner. With this view, certain quantitative measures for 
the flexibility of processing a part have been proposed, and 
loading models are presented incorporating such measures. 
Numerical examples presented exhibit the advantages achieved. 

In addition, the issues related with loading problems in FMS 
environment have also been discussed. The issues are the aspects 
of flexibility and the problem parameters that are to be consider- 
ed for a better decision making. It has been shown that out of 
tools, pallets, jigs and fixtures, important resource to be 
considered for solving the operations assignment problems is the 
tool along with machines. The allocation of other resources is 
proposed to be considered at the stage of real-time scheduling. 

In the present study, comparison between the formulations of 
the grouping problems obtained using different approaches have 
been made only in terms of the number of involved decision 
variables and constraints. However, an analysis needs to be made 

for judging the quality of the solutions obtained using different 
approaches for the same grouping situation. Besides, an analysis 
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the models in terms of the oon _ 

the CPU requirement and the quality of the 

solution. 

The methodologies proposed in the thesis for determining 
logical grouping, and loading of tools and operations on machines, 
can be of great advantage for finding these decisions even in the 
case of integration of GT with materials requirement planning 
(MRP). However, a batching algorithm that acknowledges the 
flexibility of FMS and also for performing the operations of the 
parts, the capacity of the machines, requirement of other 
resources such as cutting tools etc. , needs to be developed for 
finding from a master production schedule a cost and production 
efficient operational schedule using the concepts of GT. The 
problem may be complex to model and analyze mathematically. For 
such a situation, the use of Decision support system, Expert 
system and simulation techniques could be advantageous. 

Further, the grouping models can also be used for carrying 
out parametric analysis to view the economic and organizational 
effects of the total number of groups, limits on the size of 
groups and the total number of machines of various types. The 
analysis will result numerous possible answers to the grouping 
problem, and the one that provides maximum satisfaction and meets 
the objective most, can be chosen for implementation. 
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m : a machine type 
Parameters 

p = the total number of groups to be performed 

q - the total number of process plans over all the parts 

M = the total number of machine types 

N = the total number of parts 

B(n) — set of operations to be performed on part n 

N 

L = a large number (= E jB(n)l) 

n=1 

B(m) = set of operations that can be performed on machine 
type m 

= set of machines of type m 

= the minimum number of machines that must be assigned 
to a machine cell 

Mjj = the maximum number of machines that can be assigned 
to a group 

= the total number of machines that can be 
accommodated by the production system 

P|^ = the minimum number of parts that must be assigned to 
a group 

Py = the maximum number of parts that can be assigned to 
a group 

T = capacity of machine type m 

m 

a . = intercell movement cost for operation i of part n 
n, 1 

C(i) = set of machines on which operation i can be carried 
out 

a . = a number representing strength of association 

nim 

between machine type m and operation i of part n 
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As mentioned earlier, it may not be possible to assign all 
the operations of all the parts to the machines belonging to the 
same group because of incapabilfty of the machines to process them 
or because of the excess loads on them. in situations like this, 
intercell movements are unavoidable and the constraint (5.3) has 
to be modified to: 

j ^nimk ^ ^nk ^ 

V i 6 B(n); 

k=1, (5.4) 

( i i ) Consistency Between Operation and Mach i ne Assignments 

The constraint that if an operation is assigned to a machine, 
then the machine should be available in the group to which the 
part corresponding to that operation belongs, can be expressed as: 


N 

E I 

n=1 i€B(n)flB(m) 


'‘nimk ^ I- 


"mk 


V m = 1 , . . . , M ; 
k “ i , . . . , p • 


(5.5) 


( i i i ) Part Assignment 

The constraint that each part is assigned to one and only one 
group can be written as: 

^ = 1 n=t,...,N. (5.6) 

k=1 ^ 


(iv) Total Number of Machines of Each Type 

The constraint that total number of machines of a type 
assigned to various cells should be less than or equal to its 
available number is: 




m = 1, 


». • f 


M. 


(5.7) 
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N 

+ I 


L L w u (L Z„. 
n=l k=l 


N 

E E ^nimk^ 

n=1 i€B(n)nB(m) 


Subject to: (5.4), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), (5.13), (5.14), (5.15) and 
'^mk ^ ° m = 1, ..., M; k = 1, ..., p (5.16) 

On rearranging the terms in the objective function of the 
above formulation, following is obtained. 


I'i 

Zr,(w) = Maximize V V 


n=1 ieB(n) mec(i ) k=1 
M p 

+ L ^ > w Z 

m=1 k=1 "‘k 


\ ^^nim ”mk^^nimk 


Subject to: (5.4), (5.6), (5.7), (5.8), (5.9), (5.10), 

(5.11), f .13), (5.14), (5.15) and (5.16). 

The above problem can be broken into following two 

* s 

subproblems and for known values of w^^^^ 


N p 

Z. = Maximize EE EE ^ 

' n=1 ieB(n) mcCt^i) k=1 nim mk mmk 

Subject to: (5.4), (5.6), (5.10), (5.11), (5.13) and 

(5.14). 


Zg = L Maximize I E w ^ Z^j^ 

m=1k=1 

Subject to: (5.7), (5.8), (5.9) and (5.15). 


It can be observed that for the known values of dual 

variables w ^ the subproblem P is effectively the same as the 

^fnk a 
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r ri 

neGj(K) i€B’(n)nB'(m) ^ ^mk 

V IB € G’(k) 

M 

5.4.3 An AltiGmative Approach ■for Grouping 

In this section, a different approach is taken for solving 
the grouping problem. However , the basic idea behind the grouping 
remains the same as used in the previous section. The approach 
aims at maximizing the sum of association between operations of 
the parts and machines that are assigned to the same group. The 
heuristic presented in the Section 5.4.3, 1 is to be used for the 
generalized grouping situation. The heuristic with improvements 
and additional features is presented in the Section 5. 4. 3. 2, but 
for the simple grouping situation. 

5.4.3. 1 GENERALIZED GROUPING PROBLEM 

The problem considered for grouping in this section does not 
include the constraints on size of the group and on load of 
machines. Moreover, the groups are formed in a natural way 
without considering the restriction on its total number. For this 
situation, the heuristic proposed, to be called as GAO (Grouping 
when Alternatives exist for carrying out Operation), uses two 
phase procedure. In the first phase, groups are formed in a 
natural way. The second phase is to be used for further 
refinement and final adjustment of groups. 

HEURISTIC 

The two phases of the heuristic are as follows. 

Phase X 

Step 0: Let P be the set of parts and M be the set of machine 

types. Find for each alternative process plan of each 
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the total number of unass igned copies of the machine 
type. 

From the machine cell formed, remove all those 
machines which satisfy both of the following conditions: 

(i) Machines on which the requirements of the pa ts in 
the present part family are not more than their 
corresponding admissibility factors, and 

(ii) Machines for which the rejectabi 1 i ty factc's are 
greater than or equal to their corresponding 
admissibility factors. 

Similarly, remove all those parts from the presently 
formed part family whose more than half requirement 
cannot be met by the present machine cell. Continue 
this process until no removal takes place or when either 
of the machine cell or part family becomes empty. 

Step 3; If both the machine cell and the part family are not 
empty, set K = 1 and go to Step 5. Otherwise, follow 
the next step. 

Step 4: Take out the part from the sequence. If the sequence 

has some parts for consideration, then make the 
part family and the machine cell empty and with the 

remaining parts in the sequence go to Step 1, 

Otherwise, with the complete sequence determined in 
the Step 0 follow Step 1 onwards but replacing the 

conditions of more than by greater than or equal to in 
the Step 1, 2 and 6, and that of greater than or equal 

to by greater than in the Step 2 used for selection of 


n 





Find the groups to which the parts (machines) can be 
assigned without violating the restriction on the 
r limit on the size of part-family (machine -cell ) 


Assign 'excess' parts (machines) to the groups 
that can receive it. ^e assignments should 
bring minimum reduction in the obiective value 


Find the groups that have lesser number of 
parts (or machines) as compared to the lower 
limit specified on the size of part-family 
( or machine-cell ) . 


Find the groups that can donate parts (machines), 
i.e. in which the total number of parts is more 
than the specified limit on the size of part-family 
(machine-cell). 


Assign the required number of parts (machines) 
to the groups having lesser number of parts 
(machines) from the groups that can donate. 
The assignments should bring least reduction 
in the objective function value. 


Stop 


Figure 5.13: Flowchart Showing Details for Rearrangement 
of Parts and Machines among the Groups for 
Satisfying the Limits on Group Size. 











Table 5.13: 


Operation Assignment Detail 
Machine Capacity Constraint 
the Restriction on Group 
Relaxed. 


8 for the Case When 
is Included and 
Disjointedness is 


Objective function 

value = 91 

Part 

Operation Assigned Machine 

1 

1 

1 


2 



3 

3 

2 

4 

1 


5 

6 

3 

6 

2 


7 

2 

4 

8 

4 


9 

5 


10 

2 

5 

11 

4 


12 

5 

6 

13 

4 


14 

5 

Table 5.14: Group Configuration 

Details for the Case When 

Machine Capacity Constraint is Included and 

the 

Restriction on 

Group Disjointedness is 

Relaxed. 


Group # 

Part-Family 

Machine-Cel 1 

1 

{1, 3, 6} 

{1. 2} 

2 

{2, 4, 5) 

{3, 4, 5, 6} 

The same problem 

when solved to 

determine the disjoint groups 

requiring minimum investment on machines with = 2 V m, 

results solutions as 

are shown in 

Tables 5.15 and 5.16. The 

problem is an example 

for illustrating the model M5.6- 



a***-! 


'ni jk 


^ni jk 


^ni jk 


cost of processing all the occurrences of operation 

i on an the units of part n using machine j and 

tool type k ( = a .b ..t . ) 

n m nijk'' 

time required for processing a single occurrence of 
operation i of part n using machine j & tool type k 

time required for processing all the occurrences 

of operation i on all the units of part n using 

machine j and tool type k ( r a .b ..t . .. ) 

n ni mjk 


Decision Variables 


"nijk 


maximum workload on machines 
overload on machine j 

{ 1 if tool type k is assigned to machine j 
0 otherwise 

1 if all the occurences of operation i of part 
n are performed on machine j using a tool of 
^ type k 


0 otherwise 


'nijk 


the number of occurrences of operation i of part n 
that are to be performed on machine j using a tool 
of type k 


The operations of the various parts are indexed sequentially. 
For example, for part 1, the operations are indexed from 1 to 
iB(1)j, for part 2 from jB(1)}+1 to |b( 1)! + jB{2)|, and so. 

6.3 LOADING MODELS FOR UNIQUE ROUTING AND TOOLING 

The loading problem for the unique routing and tooling 
assumes that all the units of a part follow the same route and an 
operation is processed using only one combination of a tool and a 
machine. This assumption characterizes the general problem situa- 
tion. Additional details of the problem depend upon the nature of 
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then the constraint will be: 

T 

I ®jk ^jk ^ j = 1, .... M 

k=1 

where will represent the slot requirement of the tool type k 
on machine j. 

(iv) Copies of each tool type 

Allocated number of each tool type should not exceed the 
available number. The constraint can be represented in the 
following form. 

M 

^ Zjk ^ k = 1, ..., T (6.5) 

j = 1 

(v ) Tool allocation for the assigned operation 

The constraint that to the machines all the tools are 
allocated that are needed to perform the operations assigned to 
these machines, is represented as: 


^nijk ^ ^ ^jk ■ ^ 


i = 1 , . . . , N; V i e B(n); 
j = 1, . . . , M; V k e t(i). 

The above constraint is simplified using the scheme suggested 
by Garfinkel and Nemhauser (1980) and is written in the usual form 
of the constraints as shown below. 

i = 1, .... N; V i € B(n): 

j = 1 , .... M; V ket(i) (6.6) 


X ... ^ H ... 

nijk *mjk 


^jk ^ ^ ~ ^nijk 


)(-1) i = 1, 
j = 1 . 


, N; V i € B{n); 

, M; V ket(i) (6.7) 


where If • = 0 or 1 

*mjk 


i = 1 , . . . , hJ; V 1 € B(n) ; 
j = 1 , . . . , M; V k G t(i ) . 




An example with the details of the problem parameters given 
in Tables 6.8, 6.9 and 6.10 is considered. It covers the range 
from high flexibility to no flexibility in routing and tooling for 
operations. For example, for performing operation 1 machines 1, 3 
and 5 can be used, and the tools 1 and 2; whereas for operation 10 
only tool type 3 can be used, and for performing operation 11 only 
machine 2 can be used. It can also be noticed that all the 
combinations of those tools and machines that individually can be 
used for performing an operation, may not be feasible because of 
the compatibility problem of the tool and machine. For example, 
out of the total six combinations of machines and tools, the 
feasible combinations of machines and tools for operation 1 of 
part 1 are (1,1), (3,2) and (5,1) only. 

The resulting assignment of operations are given in Table 
6.11. Table 6.12 lists the details on tool allocation and 


capac i ty ut i 1 i zat i on . 
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For the example (Example 6.3) considered in the Section 6 . 4.1 

^ V n and _ 1 V r, y ^ ^ B(n), the solution for 
the objective of maximizing the part processing flexibility is 
given in Table 6.22. 

6 . 5 SUMMARY AND CONCLUSIONS 

In the present chapter , certain loading models have been 
presented which can be used for finding a complete solution to 
operations assignment problem that could not be obtained while 
determining the groups of parts and machines using graph parti- 
tioning approach discussed in the earlier chapter. These models 
can also be used in standalone manner for solving opercttions 
assignment and tool a' cation problems. 

In the present chapter, certain issues related with loading 
problems in FMS environment have "been discussed. The issues 
involved are on the aspects of flexibility and on the problem 
parameters to be incorporated. 

It has been shown that incorporation of flexibility though 
may make the problem complex to solve and analyze, but may 
increase the throughput rate, better utilization of resources and 
the ease at real-time scheduling. Therefore, quantitative measur- 
es for the processing flexibility have been suggested and loading 
models are proposed incorporating such measures. Numerical examp- 
les presented exhibit the advantages achieved. 

It has been shown that out of tool, pallets jigs and 
fixtures, important resource to consider is tool with machines for 
solving the operations assignment problem. The allocation of 
other resources is proposed to be considered at scheduling stage 
where allocation decisions will involve number of copies of each 
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